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Dear colleagues,

In front of you are the Proceedings of the International Conference 16th Ruzicka days: ,,Today
Science — Tomorrow Industry* that was held in Vukovar, Croatia at September 21-23, 2016. The
main goal of this interdisciplinary conference is to promote excellence in science and engineering as
well as application of up-to-date research results and technological achievements in industry. In its
fourth issue (2011, 2013, 2015, 2017) the Proceedings continues with publishing of quality
scientific and professional full papers in sections Chemical Analysis and Synthesis (3), Chemical
and Biochemical Engineering (8), Food Technology and Biotechnology (8), Medical Chemistry and
Pharmacy (3), Environmental Protection (11) and Meeting of Young Chemists (2). The open lecture
is devoted to Nikola PSenica, not so known Croatian chemist, which deserves much of the credit for
the initial development of chemical industry in Croatia and for promotion of chemistry and
chemical engineering in his time. All the papers were thoroughly reviewed from respectable
evaluators, to whom we express our gratitude. We are also thankful to all the authors and
participants of the Ruzicka days, and to all that support and contribute in its organization; especially
our international coorganizers EuCheMS, EFFoST and EHEDG, the members of organizing and
scientific committee, plenary and invited lecturers, sponsors, and of course our highly skilled and
committed associates, which put a lot of effort in preparation of this book.

We are looking forward to meeting you all again in Vukovar, in 2018.

Drago Subari¢
Ante Jukié

Editors
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Vukovarac Nikola Psenica i Nobelovac Ruzi¢ka
Nikola PSenica and Nobel laureate RuzZi¢ka

Sre¢ko Tomas', Ante Juki¢?, Ivan Hubalek®

YSveuciliste J. J. Strossmayera u Osijeku, Prehrambeno-tehnoloski fakultet,
F. Kuhaca 20, 31 000 Osijek, Hrvatska
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*Miroslava Krleze 24, 31 207 Tenja, Hrvatska (u mirovini, bivsi djelatnik "Borovo™ Vukovar)

UvoD

Jedan od znamenitih Vukovaraca o kojem se nedovoljno zna je dr. ing.
Nikola PsSenica, suvremenik slavnoga nobelovca Leopolda Lavoslava
Ruzi¢ke. Naime N. PSenica je roden u Vukovaru 1887., tj. iste godine
kada i Ruzi¢ka. Osnovnoskolsko i srednjoskolsko obrazovanje obavio je
u Vukovaru, Osijeku i Zemunu, gdje je maturirao 1907." Diplomirao je
inzenjersku kemiju 1913., na Visokoj tehni¢koj $koli u Becu. Doktorirao
je 1921. na toj istoj visokoj Skoli, nakon Cega je, iste godine, imenovan
profesorom organske tehnologije na zagrebackoj tehnic¢koj visokoj Skoli.
No, ubrzo je dao ostavku na profesorsko zanimanje. Naime, postao je
tehnicki savjetnik Prve hrvatske Stedionice. U tom svojstvu je
modernizirao i proSirio Tvornicu papira na SuSaku, tako da je postala
jednom od najbolje uredenih tvornica za izradu finih papira u Europi.
Takoder je Vukovarsku kudjeljaru i predionicu d. d. pro$irio i bio joj dugo godina ¢lanom
uprave. Od samog osnutka Jugoslavenskog hemijskog drustva, Sekcije u Zagrebu, 1926., bio je
njegov aktivni ¢lan, da bi 31. ozujka 1939. postao i predsjednikom toga drustva. Odmah se novi
predsjednik N. PSenica zauzeo da to drustvo dobije hrvatsko ime, tako da je od 5. studenog 1939.
promijenilo ime u Hrvatsko kemijsko drustvo (HKD). Iste godine zahvaljujuc¢i svojim dobrim
vezama s kemijskom industrijom, uspio je PSenica osigurati solidne donacije HKD-u, §to mu je
omogucéilo bogate aktivnosti. Na mjestu predsjednika Hrvatskog kemijskog drustva ostao je do 20.
rujna 1942. Poslije drugog svjetskog rata PSenica je postao tehnicki savjetnik Glavne direkcije lana i
konoplje. No, zbog pojave teske i dugotrajne bolesti preminuo je 29. kolovoza 1950.> Druga,
vjerojatno i najznac¢ajnija zasluga predsjednika PSenice i cijelog Hrvatskog kemijskog drustva je $to
je, nakon $to je Ruzicka, kao prvi Hrvat dobio Nobelovu nagradu za kemiju, organizirao Ruzickin
dolazak i boravak u Zagrebu od 15. do 20 ozujka 1940., pri Cemu je odrzana veliCanstvena
proslava tog dogadaja. Bila je to po opcenitoj prosudbi najveca kulturna priredba ikada do tada
odrzana u Zagrebu i Hrvatskoj.

! Realna gimnazija u Zemunu - Glavni imenik VIII. razreda $kolske godine 1906./07., red. br. 21 (signatura IAB-270- inv.br.
24-r. br. 21-glavni imenik za Skolsku godinu 1906./07.)
? Stanko MIHOLIC — NEKROLOG: Dr. ing. Nikola Psenica, Arhiv za kemiju, God. XXIIL (1951.), br. 1.12., str. 35. — 36.
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Prema prijavi Casnom Mestarskom Zboru druzbe Brace Hrvatskog Zmaja u Zagrebu, (Broj
226/1939.) koja je popunjena 15. rujna 1939.° saznaje se da se Nikola Psenica rodio 30. studenog
1887. u Vukovaru, od oca Josipa PSenice i majke Marije, rodene Gjurkovié. Prijava je popunjena
sa zeljom da dr. ing. Nikola PSenica pristupi uglednoj druzbi Braca Hrvatskog Zmaja (BHZ), kao
redovni ¢lan. Za zanimanje je PSenica naveo da je inzenjer Prve hrvatske Stedionice, za imendan 6.
prosinca, a za vjeroispovijest rimo-katolicku. U istoj prijavi unesen je i podatak o bra¢nom
stanju, tj. da se ozenio 2. kolovoza 1922., i to Marijom, rodenom Ficek. Imali su dvije kéerke, i
to Juditu, rodenu 8. srpnja 1923. i Renatu, rodenu 11. listopada 1925. Nadalje je naveo da je bio
¢lan Drustva Srijemaca u Zagrebu, Drustva prijatelja Njemacke u Zagrebu, DrusStva prijatelja
talijanske knjige u Zagrebu, Kemijskog drustva u Zagrebu i Matice Hrvatske u Zagrebu. Takoder je
Psenica upisao svoju adresu stanovanja u Zagrebu, a to je Bosanska ul. 15a i da mu je telefon bio
94-71, §to je svojerucno i potpisao. Ovu zamolbu potpisala su i preporuéila dr. ing. N. PSenicu za
prijem u druzbu BHZ, dvojica ¢lanova te ugledne udruge, Zmaj Ruzicin i Zmaj Pleternicki.

Za Skolovanje je dr. ing. PSenica naveo da je zavrsio realnu gimnaziju, te Visoku tehni¢ku
Skolu u Bec¢u i Doktorat tehnickih znanosti Visoke tehnicke skole u Becu. Sluzba mu je bila tehnicki
savjetnik i1 prokurista Prve hrvatske Stedionice, a bio je tada i predsjednik kemijskog drustva u
Zagrebu. Za rad na knjizevnom, umjetni¢kom ili drugom kojem kulturnom polju, naveo je rad na
znanstvenom i industrijsko-tehnickom polju. Zanimljivo je da se u prijavi za ¢lanstvo u druzbi
BHZ, trazilo i oCitovanje o knjizevnom ili umjetni¢kom pseudonimu, gdje je PSenica naveo Dr. N-
1. U Osvrtu na prede i uspomene iz djetinstva, te osobiti dogadjaji iz zivota, naveo je PSenica za
majku da je rodena Gjurkovi¢, baka da je rodena Rogi¢ i prabaka da je rodena Luzevié¢; zatim da
mu je otac Josip i djed Vjenceslav, a za pradjeda nije naveo ime. Rukom je na prvoj stranici
prijave upisano da je I. ¢itanje obavljeno 27. IX. 1939., IL. ¢itanje obavljeno 4. X. 1939. i IIL. Citanje
obavljeno je 25. X. 1939. No, na zadnjoj stranici, gdje je trebalo biti upisano kada je primljen u
druzbu BHZ, nema podataka, pa se moze zakljuciti da nije bio primljen u tu udrugu.

PRVI PREDSJEDNIK HRVATSKOG KEMIJSKOG DRUSTVA

U Zagrebu je 23. sijecnja 1926. osnovano Jugoslovensko hemijsko drustvo (JHD), Sekcija Zagreb, a
prvi predsjednik je bio dr. Vladimir Njegovan. Interesantno je da je medu redovitim ¢lanovima toga
drustva, upisan pod rednim brojem 87., prof. dr. inz. kem. Lavoslav Ruzicka s Kem. Instit.
Universiteta u Utrechtu iz Nizozemske.> U asopisu Arhiv za hemiju i farmaciju, izislom u lipnju
1927., objavljen je ¢lanak pod naslovom ,Jugoslovensko hemijsko druStvo — Sekcija Zagreb®, u
kojem je navedeno da je Odbor Jugoslovenskog hemijskog drustva (JHD) primio nove ¢lanove, a
medu njima je, pod rednim brojem 121., kao redoviti ¢lan, upisan dr. ing. Nikola PSenica iz
Zagreba, ulica Rackoga 21. Inace je ta zagrebacka sekcija koncem lipnja 1927. imala 124 redovita i
27 izvanrednih ¢lanova.® Prema ,Zapisniku prve glavne skupstine Jugoslovenskog Hemijskog
Drustva u Zagrebu, odrzane 9. marta 1929. u maloj predavaonici hemijskog instituta na
Mazurani¢evom trgu 29.“, na toj skupstini bio je nazo¢an i dr. ing. N. P$enica.’

* Jugoslovensko hemijsko drugtvo — Sekcija Zagreb*, Arhiv za hemiju i farmaciju, God. L. (1927.), br. 1, str. 41 —47.

* Vladimir NJEGOV AN, Rikard PODHORSKY - , Jugoslovensko hemijsko drustvo — Sekcija Zagreb“, Arhiv za hemiju i
farmaciju, God. L. (1927.), br. 3., str. 141. — 142.

5 Zapisnik prve glavne skupstine Jugoslovenskog Hemijskog Drustva u Zagrebu, odrzane 9. marta 1929. u maloj
predavaonici hemijskog instituta na MaZuran. trgu 29.%, Arhiv za hemiju i farmaciju, God. III (1929.), br. 2., str. 95.
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U Arhivu za kemiju i tehnologiju, god. XIIL, (1939.), br. 1., kojeg je izdava¢ bilo Hrvatsko
kemijsko drustvo, Zagreb, Marulicev trg 20, te kojem je glavni urednik bio prof. dr. F. Hanaman,
nalazi se i rubrika ,Drustvene vijesti, u kojoj je objavljen zapisnik s XI. glavne skupstine
Jugoslavenskog hemijskog drustva, odrzanoj 31. ozujka 1939. u prostorijama Udruzenja
jugoslavenskih inzenjera i arhitekata u Zagrebu, Jelali¢ev trg 1/II. Nazoéni su bili: Brichta,
Corubolo, Grubi¢, Hahn, Hanaman, Ivekovi¢, KarsSulin, Krajovan, Krajovan-Marjanovi¢, Kolbach,
Lorkovi¢, Mudrov¢i¢, Mundorfer, Orli¢, Piantanida, Podhorsky, Prelog, P§enica, Rado, Rechnitzer
A., Smol¢ié, Sari¢, Tezak, Trinajstié, Vary, Verli¢ i Zerdik. Na toj skupitini prema prijedlogu
upravnog odbora kojeg je pro€itao prof. dr. ing. Podhorsky izabrala je skupstina, jednoglasno, dr.
ing. Nikolu P$enicu za novog predsjednika.®

Nadalje u Arhivu za kemiju i tehnologiju, god. XIIL, (1939.), br. 3.—6., u rubrici
,Drustvene vijesti“, objavljen je zapisnik sa znamenite izvanredne godiSnje skupStine
Jugoslavenskog hemijskog drustva, odrzane 5. studenoga 1939., u maloj predavaonici Kemijskog
instituta Tehni¢kog fakulteta u Zagrebu, Marulicev trg 20. Izvjesce je podnio predsjednik dr. ing.
Nikola PSenica. Naglasio je da je svrha te izvanredne skupstine, ponajprije u teznji da se poradi na
ponovnom okupljanju svih kemicara s teritorija Banovine Hrvatske, na sto uzu i Korisniju
zajednicku suradnju i da se u odnosnim dogovorima utvrde i odrede putevi, na koji ¢e se najbolji
nacin moc¢i rjesavati razna aktualna pitanja, koja (nas) sve zanimaju. Govoreéi o prijedlogu o
promjeni Pravila Drustva, PSenica je istaknuo: ,Prihvati li ova glavna skupstina predlozena
drustvena Pravila skop¢ana sa izmjenom sadas$njeg drustvenog imena, to ée se po prvi puta u
povijesti naseg naroda ostvariti »Hrvatsko kemijsko drustve«.” Jo§ je dodao da ¢e novo-
usvojena Pravila biti predlozena na odobrenje banskoj vlasti Banovine Hrvatske. Nakon uvodnog
izlaganja predsjednika PSenice i provedene rasprave, odluceno je da se promijene Pravila drustva i
prihvati novo ime.” U Arhivu za kemiju i tehnologiju, objavljen je i zapisnik sa glavne godi$nje
skups$tine Hrvatskog kemijskog drusStva, odrzane dne 28. sije¢nja 1940., u maloj predavaonici
Kemijskog instituta u Zagrebu, Marulic¢ev trg 20. Budu¢i da je ta glavna skupstina imala izborni
karakter, birana su sva potrebna tijela druStva, a za predsjednika je ponovo izabran dr. ing. Nikola
Psenica. Nadalje, stoji u zapisniku: ,,U daljnjoj to¢ci dnevnog reda izvjestava predsjednik skupstinu
o konstituiranju Odbora kulturnih i stru¢nih drustava i nadleStava za svecani docek i boravak dra
Lavoslava Ruzicke, ¢lana H. K. D. u Zagrebu. Na prijedlog odbora, koji iznosi predsjednik, glavna
skupstina jednoglasno i dugom aklamacijom bira dra Lavoslava Ruzicku, profesora na visokoj
tehnic¢koj skoli u Ziirichu, prvog Hrvata dobitnika Nobelove nagrade, za svog prvog pocasnog
¢lana. Povelja pocasnog ¢lanstva predat ¢e se dru Ruzicki prilikom njegovog boravka u Zagrebu na
sve&an nacin.®

Nakon II. svjetskog rata, 3. sije¢nja 1946. odrzana je glavna godi$nja skupstina Hrvatskog
kemijskog drustva, na kojoj nisu bili nazoc¢ni ni prethodni predsjednik, a niti potpredsjednik dr. ing.
N. Psenica, jer vjerojatno nisu bili niti pozvani, kao Celni ljudi drustva u vrijeme NDH. Skupstinu
je otvorio R. Podhorsky, a izvjeS¢e je podnio prethodni tajnik Ivekovi¢, no ni on nije spomenuo
bivieg predsjednika i potpredsjednika druitva dr. ing. N. P$enicu.’

¢ Drustvene vijesti Arhiv za kemiju i tehnologiju, god. XIIL, (1939.), br. 1., str.67. — 72.

7 Drustvene vijesti Arhiv za kemiju i tehnologiju, god. XIIL., (1939.), br. 3. — 6., str.157. — 162.

8 Drustvene vijesti* Arhiv za kemiju i tehnologiju, god. XIII., (1939.), br. 3. — 6., str.162. — 168.

° Glavna godiSnja skupstina Hrvatskog kemijskog drustva, Arhiv za kemiju, God. XVIIL (1946.), str. 123. — 127.
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U ¢lanku ,,Glavna godi$nja skupstina Hrvatskog kemijskog drustva za godinu 1952.“, navedeno je
da se ta skupitina odrzala 26. ozujka 1952.'° Za primijetiti je, da je to bila prva godiinja
skupstina HKD-a, nakon smrti dr. ing. N. PSenice, za vrijeme ¢ijeg predsjednikovanja je tom
drustvu promijenjeno ime JHD-a u HKD, te koji je bio najzasluzniji za velebni uspjeh Ruzickine
proslave dobitka Nobelove nagrade u Zagrebu, od 15. do 20. ozujka 1940., a da ni jednom rijeci nije
spomenut, niti da mu je odrzana poc¢ast minutom Sutnje?!

ULOGA DR. ING. NIKOLE PSENICE U ORGANIZACIJI RUZICKINE
PROSLAVE DOBITKA NOBELOVE NAGRADE U ZAGREBU,
15. — 20. OZUJKA 1940.

Nikola PSenica je napisao ¢lanak pod naslovom ,,Boravak prof. dra. Lavoslava Ruzicke u
Zagrebu od 15.-20. TII. 1940.%,'"" prema kojem proizlazi da je tada$nji predsjednik Hrvatskog
kemijskog drustva u Zagrebu, dr. ing. Nikola PSenica uputio 30. studenog 1939. dr. Ruzicki, u
pisanom obliku, Cestitke na dobivanju Nobelove nagrade. Ujedno je, po spoznaji da su, radi
zapoCetog rata otpale svecanosti podjeljivanja Nobelove nagrade u Stockholmu, predlozio dr.
Ruzi¢ki, da u predvidenom roku od 6 mjeseci odrzi svoje Nobelovo predavanje u Zagrebu i da se
na taj nacin jedan dio propisane stokholmske svecanosti odrzi u Zagrebu. Dr. Ruzicka mu je
odgovorio 5. prosinca 1939., prihvacajuéi u nacelu poziv da odrzi Nobelovo predavanje u Zagrebu,
ali je izrazio Zelju, da odrzi skupno predavanje za sve znanstvene i strune ustanove u Zagrebu, jer
da je is jedne druge strane dobio sli¢an prijedlog. PSenica je odmah pristupio pripremnim radovima.
Kao temelj svega inicirao je, §to je i s oduSevljenjem prihvaceno, imenovanje »Odbora znanstvenih
i struénih ustanova i drustava za docek i boravak Dra Lavoslava Ruzicke u Zagrebu«, u sastavu:
Dr. Ing. Nikola PSenica, predsjednik HKD-a; predsjednik; Dr. Albert Bazala, predsjednik
JAZU-a; Dr. Andrija Zivkovi¢, sveucilidni profesor i rektor; Dr. Slavko Babi¢, odjelni savjetnik i
tajnik bana dr. Ive Subagi¢a; Dr. Mato Staréevi¢, povjerenik za grad Zagreb; Dr. Vladimir
Cepulié, predsjednik Zbora hrvatskih lije¢nika; Dr. Stjepan Skreb, predsjednik Hrvatskog
prirodoslovnog drustva; Mr. Josip Taborski, predsjednik Hrvatskog farmaceutskog drustva; Ing.
Radoslav Lorkovi¢, predsjednik Kluba inZenjera kemije; Dr. Branimir Sokoli¢, predsjednik
Hrvatskog novinarskog drustva; Dr. Stanko Hondl, potpredsjednik JAZU-a; Mr. Kresimir Fibi¢,
potpredsjednik Hrvatskog ljekarni¢kog druitva; lzidor Skorja€, odjelni predstojnik za prosvjetu;
Dr. Ing. Hrvoje lvekovi¢, tajnik Hrvatskog kemijskog drustva; Dr. Zvonimir Vinkovi¢, tajnik
radni¢ke komore; Dr. ing. Franjo Hanaman, glavni urednik Arhiva za kemiju i tehnologiju; Dr.
Vladimir Varicak, sveucilisni profesor; Dr. Boris Zarnik, sveu¢ili$ni profesor.12

Uocava se da je dr. PSenica okupio u taj Odbor zaista reprezentativne ¢lanove iz politickog,
znanstvenog, stru¢nog i opcedrustvenog miljea tadaSnjeg Zagreba, glavnog grada Banovine
Hrvatske. No, trebalo se zdusno prihvatiti posla, Sto je PSenica i uinio, a o tome svjedoce i brojni
novinski €lanci i vijesti. Uostalom, u svom Odboru imao je kao ¢lana dr. Branimira Sokolica,
predsjednika Hrvatskog novinarskog drustva, Sto se pokazalo izvrsnim potezom, jer su, uz

19 Glavna godisnja skupitina Hrvatskog kemijskog druitva za godinu 1952.% Arhiv za kemiju, God. XXIV. (1952.),
str. 11.—19.

' Nikola PSENICA - Boravak prof. dra. Lavoslava RuZi¢ke u Zagrebu od 15.-20. IIL. 1940., Kemijski vjestnik (Arhiv za
kemiju i tehnologiju), God. XV i XVL. (1941.-42.), str. 92. — 126.

12 Nikola PSENICA - Boravak prof. dra. Lavoslava Ruzi¢ke u Zagrebu od 15.-20. IIL. 1940, str. 100. — 101.
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ocekivane Clanke u stru¢nim Casopisima, objavljeni i u razli¢itim novinskim listovima, brojni ¢lanci
o prvom hrvatskom nobelovcu, a napose o svecanostima odrzanim u Zagrebu od 15. — 20. ozujka
1940. Naime, u razdoblju od studenoga 1939. do svibnja 1940., na prostorima tadasnje Kraljevine
Jugoslavije, Sto se do sada uspjelo pronaci, objavljeno je na tu temu ukupno 87 ¢lanaka, veceg ili
manjeg opsega, $to je zaista za to doba impozantan broj i nevjerojatan uspjeh popularizacije, inace
medijski ¢esto manje zanimljivih znanstvenika i znanosti kojom se bave.

Tako je Mladen Dezeli¢, odmah po saznanju da je dr. Ruzicka dobio Nobelovu nagradu za
kemiju, priredio i objavio u Arhivu za kemiju i tehnologiju, ¢lanak pod naslovom ,,Prof. L.
Ruzicka i njegov rad“.”® U istom Gasopisu, koji je u vrijeme NDH promijenio ime u Kemijski
vjestnik, objavio je i N. PSenica svoj ve¢ spomenuti ¢lanak. U Lijec¢hi¢kom vjesniku objavljena su
tri ¢lanka, od kojih su dva nepotpisana. Pri tome je pogresno navedeno da je Ruzickino ime
Ladislav." U &asopisu Ars therapeutica, objavljeno je Sest ¢lanaka.'> U ¢asopisu Infenjer, glasilu
Saveza inzenjerskih drustava Kraljevine Jugoslavije, objavljene su informacije o dodjeli Nobelove
nagrade dr. Ruzi¢ki i njegovom boravku u Zagrebu od 15. do 20 ozujka 1940., u dva &lanka.'®

U Nastavnom vjesniku objavljen je jedan ¢lanak, autora Mladena DeZeli¢a, pod naslovom
,Prof. Lavoslav Ruzi¢ka — Prvi Hrvat, koji je dobio Nobelovu nagradu“. Dezeli¢ navodi u
¢lanku podatke iz Zivotopisa prof. RuZi¢ke, pri ¢emu je naveo da je biografske podatke dobio od
prof. L. Ruzicke i njegove gospode Ane, a djelomi¢no su prikupljeni od dr. ing. Nikole
Psenice, predsjednika Hrvatskog (kemijskog) drustva, koji je organizirao s velikim uspjehom
dogek i boravak prof. Ruzi¢ke u Zagrebu.'” Casopis Hrvatska revija, kojeg izdaje Matica
Hrvatska, objavio je vijest o dodjeli Nobelove nagrade prof. Ruzicki, pod naslovom ,Podjela
Nobelove nagrade za kemiju®. Pri tome je pogresno naveo da je Ruzickino ime Ladislav.'® Autor
potpisan s Pg'’ napisao je ¢lanak pod naslovom ,Profesor Lavoslav Ruzicka“ u Savremeniku,
kojeg je izdavalo Drustvo hrvatskih knjizevnika.*® Prema broju objavljenih &lanaka i vijesti,
najplodonosnije bile su Novosti, zagrebacki dnevni list, koje su objavile ukupno 17 ¢lanaka.’

"> Mladen DEZELIC - Prof. L. Ruzi¢ka i njegov rad, Arhiv za kemiju i tehnologiju, God. XIII. (1939.), br. 3-6, str. 73. — 97.

14 % predavanje g. prof. Ladislava (Ogiti tipfeler, op. a.) Ruzitke u Zagrebu, Lijecnicki vjesnik, God. LXIL (1940.), br. 1.,
str. 51.; ** Proslava prof. dra Lavoslava Ruzicke prvog Hrvata dobitnika nobelove nagrade, Lijecnicki vjesnik, God. LXII.
(1940.), br. 4., str. 236. — 237.; ** Lavoslav RUZICKA - Od dalmatinskog buhaca do seksualnih hormona, Lijecnicki
vjesnik, God. LXII. (1940.), br. 7., str. 329. — 335.

' #x UREDNISTVO - ,,Prigodom predavanja Nobel-laureata gosp. prof. Dra L. Ruzicke®, Ars therapeutica, god. XIII,
(1940.), br. 1-2., str. 1.; **  Prof. Dr. Lavoslav Ruzi¢ka“, Ars therapeutica XIII, (1940.), 1-2., str. 2. -3.; ** P, J. JURISIC -
Od A. A. Berthold-a do sinteze spolnih hormona — Povodom predavanja Nobellaureata prof. dra L. Ruzicke, Ars
therapeutica XIII, (1940.), 1-2., str. 4. — 9.; ** Stanka SPLAIT - ,Svefana razdioba Nobelovih nagrada“, Ars
therapeutica XIII, (1940.), 1-2., str. 28. — 31.; ** | Nosioci Nobelove nagrade*, Ars therapeutica XIIL, (1940.), 1-2., str. 31.
—34.; ** Slaveni Nobelovci®, Ars therapeutica XIII, (1940.), 1-2., str. 34.— 40.

16 Drustvene vijesti: Drustvo inZenjera u Zagrebu®, InZenjer, God. 1., (1940.), br. 1 — 2, str. 7. — 8.; ** 62. Glavna godi$nja
skupstina sekcije Zagreb UJIA, 14. travnja 1940. god. (2. Izbor dr. ing. Lavoslava RuZicke za zacasnog ¢lana)®, InZenjer,
God. L, (1940.), br. 3 — 4, str. 19.

'7 Mladen DEZELIC — Prof. Lavoslav Ruzi¢ka — Prvi Hrvat, koji je dobio Nobelovu nagradu, Nastavni vjesnik, God.
XLVIIL (1939 — 1940), br. 6., str. 395. —407.

'8 Podjela Nobelove nagrade za kemiju, Hrvatska revija, God. XIIL. (MCMXL), br. 3., str. 161.

' Za pretpostaviti je da je to dr. Vladimir Prelog.

? pg - Profesor Lavoslav Ruzi¢ka, Savremenik, God. XXVIIL., (1940.), br. 6., str. 184.

2l %% Goleme struéne zasluge i priznanja Nobelovom nagradjeniku Prof. dr. Ing. Lavoslavu Ruzi¢ki iz Vukovara —
Predavanje dra M. DeZelica u Puckom sveuéilistu u Zagrebu, Novosti, god. XXXIIL, br. 348, 17. XII. 1939, str. 15.; **
ENES (Niko Smol¢i¢) - Prvi Hrvat odlikovan Nobelovom nagradom Dr. Ruzic¢ka odrzat ¢e na naSem jeziku u Zagrebu
predavanje, koje je trebao odrzati na otkazanoj svefanoj sjednici u Stockholmu, Novosti, god. XXXIV., br. 44, 14. 1L
1940., str. 12.;
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U clanku pod naslovom: ,,Sav kulturni Zagreb s ushi¢enjem prima u svoju sredinu
svog slavnog zemljaka Hrvata, naucenjaka prof. Dra Lavoslava Ruzi¢ku. Kakve su sve pocasti
dosad podijeljene dobitniku Nobelove nagrade®, Enes (Niko Smol¢i¢) objavio je pored niza
informacija, koje mu je priredio dr. ing. N. PSenica, i njegovu fotografiju, Slika 1, ispod koje je
objavio da je on kao predsjednik HKD-a izvrsio i najveéi dio priprema za dolazak i boravak dr.
Ruzi¢ke u Zagrebu. Nadalje, Smol¢i¢ navodi da su Novosti mnogo toga ve¢ dosada iznijeli o
Ruzicki u objavljenim ¢lancima, ali radi jo§ bolje upotpunjenosti, obratili su se na predsjednika
HKD-a dr. ing. N. PSenicu za daljnje informacije. Time je posvjedocio da su glavne informacije
crpili upravo od dr. ing. N. PSenice.
Clanak koji nosi naslov ,Prvi na$ nosilac Nobelove nagrade prof.
Lavoslav Ruzi¢ka u Zagrebu®, sadrzi fotografiju Ruzi¢ke iz njegovog
laboratorija s njegovom posvetom, kao i fotografije s RuZickinog
dolaska u Zagreb i njegovog susreta s hrvatskim banom dr. Ivanom
Subasi¢em (Slika. 2). Clanak Vladimira Majera — ,,Kakav je uéenjak Dr.

. Ruzic¢ka izvan laboratorija - Nobelov laureat govori za ,,Novosti“ o

v svom djetinjstvu i Skolovanju u hrvatskoj, o dogadjajima u vezi s
podjelom Nobelove nagrade, o djelovanju seksualnih hormona itd.,
Novosti, god. XXXIV., br. 76, 17. 1I1. 1940., str. 2. — 3., opisuje docek
Ruzicke, na zagrebackom glavnom kolodvoru.

trutskor temisior et v Zrwee Sljk@ 1. Dr. ing Nikola PSenica, u Zagrebu 1940.

kofl je lzrvrilo salvedl dio priprava
e~ —

** Zaklada od 100 hiljada dinara zagrebackom sveucilistu dar je gdje Marije Najpar iz Vukovara®, Novosti, god. XXXIV.,
br. 74, 15. 1I. 1940., str. 5.; ** ENES (Niko Smol¢i¢) — ,,Sav kulturni Zagreb s ushi¢enjem prima u svoju sredinu svog
slavnog zemljaka Hrvata, naucenjaka prof. Dra Lavoslava Ruzicku. Kakve su sve pocasti dosad podijeljene dobitniku
Nobelove nagrade“, Novosti, god. XXXIV., br. 75, 16. III. 1940., str. 9.; ** ENES (Niko Smol¢i¢) - ,0d
dalmatinskog buhaca do seksualnih hormona®, predavanje Nobelovog laureata Lavoslava Ruzicke biti ¢e najveca
znanstveno-kulturna priredba do sada u Zagrebu. UvaZeni uéenjak, osniva¢ hrvatskog kemijskog drustva, stize u petak na
vecer. Vanredne pocasti i priznanja jednom velikom ¢ovjeku®, Novosti, god. XXXIV., br. 74, 15. III. 1940, 15.; **
Profesor dr. Ruzic¢ka stigao je u Jugoslaviju - izjava naseg slavnog zemljaka ,,Novostima“, Novosti, god. XXXIV., br. 75,
16. I11. 1940., str. 9. — 10.; ** Prvi na§ nosilac Nobelove nagrade prof. Lavoslav Ruzi¢ka u Zagrebu, Novosti, god. XXXIV.,
br. 76, 17. IIL. 1940., str. 1.; Vladimir MAJER — , Kakav je u€enjak Dr. Ruzi¢ka izvan laboratorija - Nobelov laureat govori
za ,Novosti“ o svom djetinjstvu i Skolovanju u hrvatskoj, o dogadjajima u vezi s podjelom Nobelove nagrade, o
djelovanju seksualnih hormona itd.©, Novosti, god. XXXIV., br. 76, 17. IIL 1940., str. 2.-3.; ** F. M. FUIS — ,,Covjek,
koji je dobio Nobelovu nagradu: Kako je ameri¢ka Stampa proglasila profesora Ruzicku tvorcem "vjecnog zivota" - »onaj,
koji moze pretvoriti ,,nju" u ,,njega“« - razgovor sa velikim nau¢enjakom, ¢ija je najveca ljubav - rad, najizrazitija vrlina -
skromnost, a najmiliji - mir...“, Novosti, god. XXXIV., br. 76, 17. III. 1940., str. 3. — 4.; **  Vecera u Cast g. prof. dra
Lavoslava Ruzicke, Novosti, god. XXXIV., broj 76, nedjelja, 17. marta 1940., str. 4.; ** V —  Kulturna manifestacija
visokog stila - Predavanje profesora Ruzicke: ,,Drago mi je $to ovdje mogu da odrzim predavanje na svom materinjem
jeziku“, Novosti, god. XXXIV., br. 76, 17. III. 1940., str. 4.; ** V — Doctor honoris causa dr. Lavoslav Ruzi¢ka istakao je
prilikom svecane promocije vjeru da ¢e nasa znanost dati jo§ vise lijepih plodova sada, kad su se sve snage hrvatskog
naroda ujedinile”, Novosti, god. XXXIV., br. 77, 18. IIL. 1940., str. 5. — 6.; ** ENES (Niko Smol¢i¢) — ,,Na veceri gradskog
povjerenika profesor dr. Ruzi¢ka je iskazao svu svoju radost i zahvalnost zemljacima®, Novosti, god. XXXIV., br. 77, 18.
III. 1940., str. 6. — 7.; ** V. —  Profesor Dr. Ruzicka razgledava zagrebacke kulturne ustanove - Tekst diplome grada
Vukovara i pocast drustva inzenjera“, Novosti, god. XXXIV., br. 78, 19. IIL. 1940., str. 9.; ** IS. — ,Profesor Ruzicka
medju svojim $kolskim drugovima®, Novosti, god. XXXIV., broj 78, 19. III. 1940., str. 9.; ** V — _Laskava izjava prof.
Ruzi¢ke o hrvatskoj nauci — Nobelov laureat oprostio se od Zagreba i njegovih politickih i kulturnih predstavnika®,
Novosti, god. XXXIV., br. 80, 21. III. 1940., str. 9.; ** EN. — , Dirljiv rastanak s prof. Ruzickom na odlasku iz Zagreba“,
Novosti, god. XXXIV., br. 80, 21. IIL. 1940., str. 9.; ** V —  Kulturna manifestacija visokog stila - Predavanje profesora
Ruzicke: "Drago mi je $to ovdje mogu da odrZzim predavanje na svom materinjem jeziku"“, Novosti, god. XXXIV., br. 76,
17. 111 1940., str. 4.
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Navedeno je da je prvi prisSao dr. Ruzi¢ki predsjednik HKD-a dr. ing. N. PSenica, pa su ga
onda pozdravili i svi ostali koji su ga docekali. Nakon toga dr. Ruzicka je izrekao kratku zahvalu
i odmah se upustio u razgovor s kolegama, dio kojeg su prenijele Novosti:

»- A PSenica, PSenica, znam Vas! - rekao je zivo - Va§ mi je otac pravio najbolja odijela. A
mome je ocu uvijek pricao: »Ruzicka, ne pij toliko!« Zar ne!

- Tako je bilo! - veselo ¢e dr. PSenica.

- A ti si bio - obraca se dr. Ruzitka rektoru dr. Zivkoviéu - »musterschiiller«! Dobro izgledas.
Sjecas li se, kako je bilo u gimnaziji?

S bolom u srcu i lakim uzdahom, dr. Ruzicka je na kraju okruzio o¢ima cijelom dvoranom i rekao:

- Da, davno je to bilo! A mnogi od onih za koje sam procitao da ¢e me docekati, mrtvi su...

Ocito je da su se Ruzicka i PSenica dobro poznavali jo§ iz ranog djetinjstva iz Vukovara. Na kraju
¢lanka navedeno je da je u Zagrebu tada jo§ Zzivio sveuciliSni profesor zoologije dr. Krunoslav
Babié, koji je predavao kemiju u gimnaziji u Osijeku, kada ju je pohadao i Ruzi¢ka, te je u svom
profesorskom notesu, od kojih 35 godina prije 1940., pronasao i RuZzi¢kine ocjene i konstatirao je da
mu je dijelio samo izvrsne ocjene iz kemije i tako dao temeljnu naobrazbu buduéem Nobelovom
laureatu.

Prof. Ruzicka na zagrebackom kolodvoru.  Prof. Ruzicka u laboratoriju  Ruzicka i ban dr. Ivo Subasi¢
Slika 2. Fotografije dr. RuZi¢ke objavljene u Novostima.

U ¢lanku: V — ,Kulturna manifestacija visokog stila - Predavanje profesora Ruzicke:
"Drago mi je $to ovdje mogu da odrzim predavanje na svom materinjem jeziku"“, Novosti, god.
XXXIV., br. 76, 17. 1IL. 1940., str. 4., dan je saZeti opis sadrzaja Ruzi¢kinog predavanja. Clanak je
zakljuCen sljede¢im tekstom: ,,Poslije predavanja dra Ruzicke, koje je bilo saslusano sa najvecom
paznjom i pozdravljeno pljeskom, pristupilo se predavanju diploma. U ime Hrvatskog kemijskog
drustva predao je dru Ruzicki predsjednik dr. ing. PSenica uz topli govor, prekrasnu diplomu
pocasnog ¢lana. Diplomu je izradila umjetnica Zdenka Serti¢, a ukrasila ju je narodnim motivima
vukovarskog, dakle rodnog kraja dra Ruzicke. U ime Hrvatskog lije¢nickog zbora predao je dru



International Conference 16th RuZicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Uvodno izlaganje / Open lecture

Ruzicki diplomu poéasnog &lana predsjednik prof. dr. Vladimir Cepuli¢ uz srdatan kratki govor.
Diplomu je na pergameni izradila umjetnica Anka Martini¢ i uvezala je u kozu. Diploma je
ukrasena hrvatskom narodnom ornamentikom (pleterom) i hrvatskim grbom te je vrlo lijepo
izradjena. U ime Hrvatskog ljekarni¢kog drustva, predao je dru Ruzic¢ki diplomu pocasnog ¢lana g.
Vojko Arko. Diplomu je umjetnicki izradila gdja Olga Hoker, ukrasivsi je narodnim ornamentima i
alkemijskim znakovima kao i znakom ljekarnika, a providjena je i hrvatskom trobojkom. Vrlo
lijepe diplome pocasnog ¢lana predana su dru Ruciki i u ime DruStva inZenjera, te u ime
zagrebackog drustva Srijemaca. Zatim je dr. Ruzicka dobio lijepu spomenicu u formi albuma od
osamnaest vukovarskih drustava. Ukrasio ju je umjetnik g. Ljudevit Fadljevi¢. U koznatom su
albumu potpisi 1 zigovi svih vukovarskih druStava, a zatim slike rodne kuée dra Ruzicke u
Novom Vukovaru i slike vaznijih ulica i zgrada vukovarskih. Povjerenik grada Vukovara dr. Ante
Topalovi¢ predao je dru Ruzi¢ki diplomu pocasnog gradjanina grada Vukovara. Umjetnicki je tu
diplomu izradio g. Fadljevi¢. Nakon dugog vremena, u ovoj se ispravi po prvi puta ponovno daje i
grb grada Vukovara. Dr. Ruzicka, oCito ganut, zahvalio se na velikim pocastima, kojima je bio
obasipan, a ugledni auditorij pozdravljao je Citanje diploma i govore oduSevljenim pljeskom i
poklicima. Ovu krasnu sve€anost zavr$io je govorom dr. Bazala.*

Clankom ,,.Doctor honoris causa dr. Lavoslav Ruzi¢ka istakao je prilikom svelane
promocije vjeru da ¢e nasa znanost dati jo§ viSe lijepih plodova sada, kad su se sve snage hrvatskog
naroda ujedinile“, Novosti, god. XXXIV., br. 77, 18. III. 1940., str. 5. — 6., obuhvacene su i
fotografije sa znamenitog Ruzickinog predavanja, odrzanog 16. ozujka 1940. (jedna je prikazana na
Slici 3).

Slika 3. Ruzic¢kino predavanje ,,0d dalmatinskog buhaca do seksualnih hormona®,
u Zagrebu, 16. ozujka 1940.

U ¢lanku: ENES (Niko Smol¢i¢) — ,,Na veceri gradskog povjerenika profesor dr. Ruzicka
je iskazao svu svoju radost i zahvalnost zemljacima®, Novosti, god. XXXIV., br. 77, 18. IIL. 1940.,
str. 6. — 7., po zavrietku pozdravnih govora, pise novinar, da je ustao sveugili$ni prof. dr. Cepuli¢,
koji je medu ostalim rekao ,,da je zasluga pretsjednika Hrvatskog kemijskog druStva dra ing.
Nikole Psenice S$to je sva naSa znanstvena i struéna drustva povezao s nas$im velikim zemljakom,
provevsi na uzoran nacin organizaciju svih priredbi.*
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Dodao je dr. Cepuli¢ da je dr. ing. N. Pienica kroz tri mjeseca neumorno radio, pa mu je zahvalio u
ime Citavog Odbora jer je organizacija tako lijepo uspjela. U ¢lanku: V. — | Profesor Dr. Ruzi¢ka
razgledava zagrebacke kulturne ustanove — Tekst diplome grada Vukovara i pocast drustva
inzenjera®, Novosti, god. XXXIV., br. 78, 19. III. 1940., str. 9., novinar je prenio RuZzi¢kino
zaljenje §to neée moci posjetiti Vukovar, svoje rodno mjesto, koje ga je izabralo pocasnim
gradaninom i urucilo mu diplomu, o ¢ijoj se izvedbi vrlo pohvalno izrazio.

Clanak pod naslovom , Laskava izjava prof. Ruzi¢ke o hrvatskoj nauci — Nobelov laureat
oprostio se od Zagreba i njegovih politickih i1 kulturnih predstavnika®, donosi izvjestaj s
konferencije za medije, koju je Ruzicka sazvao 19. sijecnja 1940., navecer, da se zahvali svima
koji su doprinijeli njegovom uspje$nom posjetu i boravku u Zagrebu. Izmedu ostaloga Ruzicka je
tada rekao: ,,Prije svoga odlaska Zelim da se zahvalim Odboru, koji me je ljubazno pozvao u Zagreb
i koji mi je boravak ovdje uéinio toliko ugodnim. Gosp. pretsjednik Hrvatskog kemijskog drustva
dr. PSenica, koji mi i kao kemicar i kao Vukovarac stoji osobito blizu, toliko je svoga skupocjenoga
vremena zrtvovao, da mu se ne mogu dosta zahvaliti. Vukovarci i Srijemci, 1 oni od kuée i oni iz
Zagreba iznenadili su me tolikim srda¢nim iznenadjenjima, da ne moram Zaliti, §to sam rodjen u
Vukovaru. ...“ Autor ¢lanka je naglasio da je, predsjednik HKD-a dr. ing. N. PSenica, koji je bio
nazocan na razgovoru Ruzicke s novinarima, spomenuo na koncu izjave dra Ruzicke, da je docek
kao i boravak dra Ruzicke u Zagrebu bio najveca kulturna manifestacija, koju je Hrvatska dotad
dozivjela, te da su za to, medu ostalim uvelike zasluzni i zagrebacki novinari. Navedenom
razgovoru Ruzicke s novinarima, pored dr. ing. N. PSenice, bili su nazo¢ni i jo§ neki ugledni
Vukovarci, kao dr. Nikola Andri¢ i dr. Ticak, vlasnik kuée u Vukovaru u kojoj se dr.
Ruzicka rodio, te je izvijestio Ruzicku, da je sve na toj kuéi ostalo netaknuto, kako je i prije bilo i
da Vukovarci jednom Zeljno o¢ekuju Ruzic¢kin posjet Vukovaru i rodnoj kuéi.

Zagrebacki Jutarnji list objavio je ukupno 9 ¢lanaka vezanih za RuZickino dobivanje
Nobelove nagrade, te njegov dolazak u Zagreb, odrzavanje predavanja i proslavu dobitka te
nagrade.22 U ¢lanku ,Telefonski intervju s dobitnikom Nobelove nagrade Hrvatom Drom
Lavoslavom Ruzi¢kom: G. Dr. Ruzi¢ka odrzat ¢e u Zagrebu predavanje, koje je morao odrzati na

2 %% Hrvat Dr. Ruzi¢ka dobio Nobelovu nagradu: Dr. Lavoslav RuZi¢ka je rodom iz Vukovara, a profesor je na tehnici u
Ziirichu — Jo§ su dva Nijemca dobila nagradu. — Znanstveni rad naSeg zemljaka dra Lavoslava Ruzi¢ke*, Jutarnji List, 11.
XL 1939, str. 11.; **  Telefonski intervju s dobitnikom Nobelove nagrade Hrvatom Drom Lavoslavom Ruzi¢kom: G. Dr.
Ruzicka odrzat ¢e u Zagrebu predavanje, koje je morao odrzati na svecanostima u Stockholmu. — Posljednje pripreme
posebnog odbora za dodek i boravak Dra Ruzicke*, Jutarnji List, 10. II. 1940., str. 11.; **  Osnovana je nova sveucilisna
zaklada za najbolje hrvatske studente - Povodom svecane promocije g. Dra RuZicke darovala je gdja Najpar 100.000 dinara
kao zakladu Sandora i Marije Najpar*, Jutarnji list, 14. III. 1940., str. 17.; **  Prvi Hrvat dobitnik Nobelove nagrade Dr.
Lavoslav Ruzicka dolazi danas u petak u Zagreb — Izvanredan interes za predavanje. — Program boravka®, Jutarnji list, 15.
IL. 1940., 10.; ** _Pred dvije hiljade ljudi odrzao je danas predavanje prvi Hrvat koji je dobio Nobelovu nagradu —
Predavanje je Dra Lavoslava Ruzicke u dvorani Radnicke komore bilo saslusano s velikim zanimanjem i popraceno
srdacnim odobravanjem. — Dr. Lavoslav Ruzicka je govorio lijepim hrvatskim jezikom. — Tko je sve prisustvovao
predavanju. — Program boravka dra Ruzicke u Zagrebu®, Jutarnji list, 17. Il 1940., str. 9.; **  Prof. Dr. Ruzi¢ka na
svecan je nacin promoviran za pocasnog doktora zagrebackog medicinskog fakulteta — Sve¢anoj promociji prisustvovali
su ban g. Dr. Subas$i¢ i hrvatski metropolita preuzv. Dr. Stepinac. — Znacajni govori rektora g. dra Zivkovi¢a, dekana
medicinskog fakulteta g. dra Botteri-a i g. dra Ruzi¢ke. — Danasnje priredbe u pocast g. dra Ruzicke®, Jutarnji list 18.
III. 1940., str. 6.; ** Dr. L. Ruzi¢ka u Strossmayerovoj galeriji i Arheoloskom muzeju — Dr. L. Ruzi¢ka s velikim je
interesom razgledavao hrvatske znanstvene ustanove®, Jutarnji list 19. IIIL. 1940., str. 11.; ** ,Dr. Lavoslav Ruzicka je
ushi¢en dogekom i boravkom u Zagrebu®, Jutarnji list 20. III. 1940., str. 9.; ** _Jutros je Dr. L. Ruzi¢ka otputovao iz
Zagreba — Dr. Lavoslav Ruzi¢ka: »lz dana u dan sve mi je teZe na¢i zgodan odgovor na pitanje, da li se osjecam Hrvatom ili
Svicarcem« - Oprostajni razgovor Dra Lavoslava Ruzicke sa suradnikom »Jutarnjeg lista«®, Jutarnji list 21. IIII. 1940.,
str. 12.
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svecanostima u Stockholmu. — Posljednje pripreme posebnog odbora za docek i boravak Dra
Ruzicke®, Jutarnji List, 10. II. 1940., str. 11., navedeno je da su niz podataka dobili uglavnom od
dr. ing. N. PSenice, kojeg su kao predsjednika HKD-a posjetili i za kojeg su konstatirali da kao
Vukovarac vrsi sve pripreme zajedno s posebnim odborom za doéek i boravak dr. Ruzicke u
Zagrebu. Clankom ,,Jutros je Dr. L. Ruzi¢ka otputovao iz Zagreba — Dr. Lavoslav Ruzitka: »lz
dana u dan sve mi je teZe na¢i zgodan odgovor na pitanje, da li se osje¢am Hrvatom ili Svicarcem« -
Oprostajni razgovor Dra Lavoslava RuZicke sa suradnikom »Jutarnjeg lista«, Jutarnji list 21. TII.
1940., str. 12., navedeno je da je RuZicka zahvalio svima, a posebno dr. ing. N. P$enici. Opisao je
novinar i zahvalu dr. ing. N. PSenice svim zagrebac¢kim novinarima, S$to su pridonijeli da je ta
kulturno-nacionalna proslava, "najveca otkako Zagreb postoji", u potpunosti uspjela, te da su
Vukovarci zajedno s Ruzi¢kom otisli s njim na intimnu opros§tajnu veceru.

Na veé spomenutu temu vukovarski Srijemski Hrvat, objavio je ukupno 8 &lanaka.”
¢lanku ,,Hrvatski Vukovar Zagrebu i Hrvatskoj — Povodom danasnjih i sutrasnjih svecanosti i
predavanja prvog Hrvata dobitnika Nobelove nagrade Vukovarca g. dra RuzZi¢ke u Zagrebu®,
Srijemski Hrvat, God. IL., 16. III. 1940., br. 12., str. 1., s ponosom je autor ¢lanka istaknuo, da
svecanosti u Zagrebu vezane za nobelovca Ruzi¢ku organizira HKD, kojemu opet stoji na celu kao
predsjednik nas Vukovarac g. dr. Psenica. Popisao je sve ugledne Vukovarce, koji su otputovali iz
Vukovara u Zagreb i, medu ostalim ponijeli Ruzi¢ki povelju po¢asnog gradanina grada Vukovara, i
spomenicu s krasnim albumom fotografija iz Vukovara koju ¢e predati ,,Zajednice vukovarskih
hrvatskih kulturnih i narodnih drustava®, a koju je umjetnicki izradio Lujo Fadljevi¢. Clankom koji
nosi naslov ,,Vukovarski dani u Zagrebu (uz proslavu Dra Lavoslava Ruzi¢ke)“, dr. N. Andri¢ je
naglasio da u novijoj povijesti hrvatskoga naroda nije se jos nikada ime i znacenje jednog
pokrajinskog grada tako iznenada i tako moc¢no usjeklo sirom domovine u dusu svih pravih
rodoljuba, kao ime Vukovara prigodom Ruzickine proslave u Zagrebu. Istakao je dr. Andri¢, da je
dobrotvorka Vukovarka Marija ud. Najpar, dozivjela nesvakidas$nju pocast, jer je rektor Hrvatskog
sveucCiliSta u svom nadahnutom govoru u prigodi svecanosti Ruzickine promocije u pocasnog
doktora ovog sveucilista, ukazao na veliko znacenje dara od 100.000 dinara, koje je gospoda Najpar
poklonila Hrvatskom sveucilistu u obrazovne svrhe i time ,,vidno, trajno i realno“ povezala spomen
na najvise odlikovanje Vukovarca Ruzicke i njegovu doktorsku vezu s Hrvatskim sveucilistem.
Nakon takvih rektorovih rije¢i sva odlicha publika — s banom i nadbiskupom na celu — udarila je u
zaglusan aplauz, za koji je prisutna dobrotvorka morala ustajanjem i naklonom zahvaliti.

Tri ¢lanka objavljena u vukovarskom Srijemskom Hrvatu, pod nadnaslovom ,,Proslava
prof. Lavoslava Ruzicke u Vukovaru®, pokazuju da se ,,Zajednica vukovarskih hrvatskih kulturnih i
narodnih drusStava®, iznimno angazirala, da dobije od hrvatskih uglednika i Ruzi¢kinih kolega iz
doba gimnazijskog $kolovanja, kao §to su rektor Hrvatskog sveuilista, dr. Andrija Zivkovi¢ i

2 #%  Hrvatski Vukovar Zagrebu i Hrvatskoj — Povodom danasnjih i sutra$njih svetanosti i predavanja prvog Hrvata
dobltmka Nobelove nagrade Vukovarca g. dra Ruzicke u Zagrebu®, Srijemski Hrvat, God. II., 16. IIL. 1940., br. 12,
str. 1.; ** Nikola ANDRIC — Vukovarski dani u Zagrebu (uz proslavu Dra Lavoslava Ruzwke), Srijemski Hrvat God
1L, 23 L 1940., br. 13, str. 3.; ** _ Proslava prof. Lavoslava Ruzicke u Vukovaru®, Srijemski Hrvat, God. 1L, 8. V. 1940.,
br. 21., str. 2.; ** Antun MILFAJT _ Proslava prof. Lavoslava RuZicke u Vukovaru 1z prvih dana kemijske karl]ere Lav.
Ruzicke, Srijemskl Hrvat, br. 21., 8. V. 1940., str. 2.; ** Andrija ZIVKOVIC — ,Proslava prof. Lavoslava Ruzigke u
Vukovaru - Dr. Ruzicka — poéasni doktor hrvatskog sveuc1llsta“ Srijemski Hrvat, br. 21., 8. V. 1940, str. 2.; **  Proslava
prof. Lavoslava Ruzicke u Vukovaru - Ruzi¢kin oprostaj s Hrvatskom®, Srijemski Hrvat, br. 21., 8. V. 1940., str. 2. **
»Proslava dra Ruzicke“, Srijemski Hrvat, br. 22., 25. V. 1940., str. 3.; **  Razgovor s vukovarskim dobitnikom
Nobelove nagrade prof. Ruzickom®, Srijemski Hrvat, br. 22., 25. V. 1940., str. 3.

10
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svecenik-zupnik Antun Milfajt, $to viSe podataka iz Ruzic¢kinog Zivota, te da to objavi kao pripremu
za organiziranje svetane akademije, na kojoj ¢e se iznijeti djelovanje i rad prof. Ladislava®
Ruzicke, rodenog Vukovarca, koji je odlikovan najvisim odlikovanjem za zasluge u radu na
naucnom polju 19. svibnja 1940. u Vukovaru. Autor je objavio i Ruzickinu fotografiju iz
laboratorija, na kojoj se RuZi¢ka potpisao, kao Vukovarac s posvetom Srijemskom Hrvatu (Slika 4).

Ova lika + posvetom predana e naiem dopisniku prigodom Rutickinog
boravka u Zagrebu.

Slika 4. Ruzi¢kina fotografija s posvetom Srijemskom Hrvatu

Clanak pod naslovom ,Proslava dra Ruzitke“, informacija je o priredbi odrzanoj 19.
svibnja 1940. u velikoj dvorani ,,Hrvatskog doma“ u Vukovaru, posvecenoj u ¢ast prvog hrvatskog
nobelovca, Vukovarca prof. dr. L. Ruzicke. Navedeno je da je uvodno nazoc¢ne pozdravio
predsjednik ,,Hrvatske ¢itaonice Mijo Kuhner, koji je kazao, da je hrvatski narod cesto dao velike
priloge opc¢oj svjetskoj kulturi, ali se o tome malo zna. Dodao je, da hrvatski narod, kroz svoje
velikane duha dokazuje, da on nije neplodna grana na opéem kulturnom stablu i da je sposoban
makar i malobrojan, da velika djela stvori i nade se uz bok najbrojnijih i najkulturnijin naroda.
Autor ¢lanka dalje navodi, da je iza Kuhnera govorio profesor Puro Suboti¢. Njegovo izlaganje
odnosilo se na znacaj Ruzickinog rada i uspjeha na polju kemije, te je na popularan nacin i s
velikim uspjehom, protumacio ono Sto je inace dosta tesko razumjeti nestrucnjaku. Treéi govornik
bio je dr. Emil Svagel, koji je po autoru teksta govorio o ulozi hormona u &ovjejem tijelu. Na
kraju, su svi predavaci pobrali dugotrajan aplauz od posjetitelja koji su bili na visokoj intelektualnoj
razini, a aplauzom je pozdravljeno i lijepo pismo, koje je procitao Kuhner, a poslano je, s te
priredbe, dr. Ruzic¢ki. Ova priredba mogla bi se oznaciti prapocetkom danasnjeg medunarodnog

1¢¢)

znanstveno-strucnog skupa ,,Ruzickini dani

* Ime Ladislav nije Ruzi¢kino ime, pa je ovo najvjerojatnije tiskarska pogreska!
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U vrijeme Ruzi¢kine proslave u Zagrebu u Osijeku je izlazio Hrvatski list, koji je o toj
tematici objavio ukupno 8 ¢lanaka.” Raduje se Gitatelj Hrvatskog lista, R. H., u ¢lanku ,,Pisma iz
gradanstva: Povodom dolaska prof. Lavoslava Ruzi¢ke u domovinu®, Hrvatski list, God. XXI., br.
46 (6744), 16. 11. 1940., str. 14. — 15., da je doslo vrijeme da se i kod nas zasluzni ljudi cijene i
postuju jos za njihova zivota. Stoga konstatira da ¢e se svi Hrvati veseliti, kada se u Zagrebu bude
slavio dr. Ruzi¢ka, te da ¢e se veseliti Vukovar, kada ga bude posjetio njegov sin, kojemu se slava
§iri u svim naucnim krugovima svijeta. Dodaje da bi se trebao veseliti i Osijek, ako i njega zapadne
sreca, da medu svojim zidovima pozdravi ovog velikana duha, koji je osim univerzitetskih
nauka sve druge nauke — dakle pucku skolu i svih osam razreda bivse nase klasiche gimnazije —
svrsio u Osijeku. Citatelj u svom pismu izrazava nadu da ¢e Ruzicka doéi i u Vukovar, ali i u
Osijek, za koji kaze da bi trebao pripremiti dolican docek ovom prodicenom osjeckom daku.
PredloZio je, a vjeruje da je to u ime ¢itavog gradanstva, napose u ime intelektualaca, da gradska
opéina, kao nadzorna skolska vlast sluzbeno pozove profesora Ruzicku u Osijek. Jo$ je Citatelj
predlozio, da bi banski povjerenik, kao vrhovni reprezentant gradske opéine, mogao sastaviti jedan
odbor, u koji bi trebali da udu ravnatelji svih osjeckih srednjih $kola, ona gospoda profesori koji su
Ruzic¢ki bili nastavnici, predsjednici drustava ,,Zajednica doma i Skole” i po jedan predstavnik
glavnih osjeckih kulturno-prosvjetnih ustanova. Isto tako je predlozio Citatelj, da bi se moglo
Ruzicku zamoliti da po svom nahodenju odrzi jedno kratko predavanje, a vjeruje da bi se naslo
vremena da se Ruzi¢ka nade na jednom domjenku sa svojim profesorima i Skolskim kolegama.
Svoje pismo zakljuCio je Citatelj, rije¢ima: ,,Smatram, da bi s naSe strane bio neoprostiv i
nepopravljiv propust, ako bi se propustila ova prilika, da se odade zasluzena pocast ovakovom
zasluznom nasem sinu.“ Prema sadrzaju pisma, potpisani inicijalima R. H., vjerojatno je pripadnik
osjeckih intelektualaca, koji je bio nezadovoljan inertno$¢u osjeckih gradskih vlasti, vezano za
¢injenicu da je dr. Ruzi¢ka dobio Nobelovu nagradu i da je najavio svoj dolazak u domovinu. Htio
je svojim pismom potaknuti gradske vlasti da preuzmu inicijativu i pozovu Ruzi¢ku u Osijek, ali po
svoj prilici nije u tome uspio. Naime, Ruzicka tada nije doSao ni u Vukovar, ali su vukovarske
vlasti i sve ustanove i udruge poduzele sve da odaju najvisa priznanja Ruzic¢ki u Zagrebu, kad veé
nije doSao u Vukovar, dok od Osjecana, po svoj prilici, nije bilo nikoga na svecanostima koje su se
dogodile od 15. do 20. ozujka 1940.!

Hrvatski dnevnik, objavio je 5 znaéajnih, nepotpisanih ¢lanaka o boravku nobelovca
Ruzitke u Zagrebu od 15. do 20 ozujka 1940.%°

# #* Hrvat dobio Nobelovu nagradu: Dr. Lavoslav RuZi¢ka, rodom iz Vukovara, a osjecki dak, dobio Nobelovu nagradu za
kemiju®, Hrvatski list, God. XX., br. 335 (6650), 11. XI. 1939, str. 2.; ** ,Ove godine ne ¢e biti Nobelove svecanosti*,
Hrvatski list, God. XX., br. 339 (6654), 15. XI. 1939, str. 10.; ** _Dobitnik Nobelove nagrade profesor Lavoslav Ruzic¢ka
pri¢a o svojim mladenackim uspomenama, Osijeku i osjeckim profesorima®, Hrvatski list, God. XX., br. 357 (6672), 3.
XII. 1939, str. 11.; R. H. — Pisma iz gradanstva: Povodom dolaska prof. Lavoslava Ruzi¢ke u domovinu, Hrvatski list, God.
XXI., br. 46 (6744), 16. 1. 1940., str. 14. — 15.; ** Novosti iz Vukovara: Priprema za do¢ek dra Ruzicke u Vukovaru,
Hrvatski list, God. XXL., br. 54 (6752), 24. 1. 1940., str. 6.; ** Novosti iz Vukovara: Sastanak "Zajednice hrvatskih
drustava", Hrvatski list, God. XXI., br. 55 (6753), 25. II. 1940., str. 22.; ** Novosti iz Vukovara: Izaslanici iz
Vukovara na do¢eku dra Ruzi¢ke u Zagrebu, Hrvatski list, God. XXI., br. 75 (6773), 16. IIL. 1940, str. 6.: Antun MILFAJT
— Uspomene na prof. Ruzicku: Povodom njegova odlikovanja Nobelovom nagradom i promoviranja na cast doktora
hrvatskog sveucilista, Hrvatski list, God. XXL., br. 76 (6774), 17. I1L. 1940., str. 7.

2 %% 1J Zagreb danas dolazi prvi Hrvat, koji je dobio Nobelovu nagradu: Sveéanostima prigodom boravka dra Ruzitke
prisustvuje 1.600 osoba raznih znanstvenih i struénih ustanova i druStava — predavanje ¢e se prenositi preko
zagrebacke radiostanice za Ljubljanu i Beograd®, Hrvatski dnevnik, 16. ozujka 1940., str. 8.; **  Poznata dobrotvorka iz
Vukovara u Zagrebu®, Hrvatski dnevnik, 17. IIL. 1940.; **  Predavanje prof. dra Ruzi¢ke: glavni grad Hrvatske srda¢no
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Autor ¢lanka ,,Predavanje prof. dra Ruzicke: glavni grad Hrvatske srda¢no primio glasovitog
uéenjaka Hrvata®, Hrvatski dnevnik, 17. ozujka 1940., str. 4., navodi da se po svrSetku predavanja
dra Ruzicke dvoranom prolomio buran pljesak, a nakon toga su Ruzicki, u znak visokog
postovanja, predane diplome, koje su pripremila razna drustva. Prvo je gradski povjerenik rodnog
Ruzi¢kinog grada Vukovara, dr. Topalovi¢, predao diplomu s grbom grada Vukovara, koju je
izradio Ljudevit Fadljevi¢. Pri tome je dr. Topalovi¢ rekao: ,,Vasem odlikovanju "Nobelovom
nagradom", od svih hrvatskih gradova, §to je i razumljivo, najvise se veseli i raduje Vas rodni grad
Vukovar. Tim najvi§im svjetskim odlikovanjem, koje ste Vi, do sada jedini Hrvat, postigli za
Va$ znanstveni rad na polju kemije, pocascen je i proslavljen napose i Vas$ rodni grad Vukovar.
Stoga op¢ina grada Vukovara odazivlju¢i se jednodusnoj Zelji svoga hrvatskog gradjanstva, da Vam
se bar donekle oduzi i oda Vam =zasluzena priznanja imenovala Vas je svojim pocasnim
gradjaninom. Ja kao banski povjerenik za opéinu grada Vukovara, neobi¢no sam sretan i smatram se
neizmjerno pocascenim tom nada sve ugodnom duznos$cu, da Vas na ovoj svecanoj akademiji, u ime
grada Vukovara pozdravim i najsrda¢nije Vam ¢estitam, kako na odlikovanjima, kojima Vas danas
pocastiSe strune ustanove i druStva hrvatske metropole naSeg bijelog Zagreba, tako i na
odlikovanju, kojim Vas je pocastio Vas rodni grad Vukovar. Predaju¢i Vam ovu diplomu pocasnog
gradjanina, Zelim, da Vas ona i u tudjem svijetu uvijek Zivo podsje¢a na Va$ rodni i nekad
zavicajni grad Vukovar i da ga, kad Vam ovom prilikom to nazalost nije moguce uskoro pocastite
Vasim posjetom.

Clanak pod naslovom ,Hrvatski ugenjak, dobitnik Nobelove nagrade dr L. Ruzicka
otputovao iz Zagreba i ponio u Svicarsku nezaboravne dojmove iz svoje domovine Hrvatske*,
navodi da je Ruzicka izabrao Zagreb kao metropolu svoje domovine Hrvatske da odrzi u
njemu predavanje, koje je duzan odrzati kao dobitnik Nobelove nagrade, §to je bila velika Cast za
hrvatski narod, a Ruzi¢ka je tim ¢inom dokazao veliku ljubav prema domovini Hrvatskoj. Nadalje,
autor ¢lanka navodi da je 19. ozujka 1940., navecer Ruzi¢ka u hotelu ,,Esplanadi* primio novinare i
izmedu ostaloga, rekao: ,,»Prije odlaska zelim da se zahvalim Odboru, koji me je ljubazno pozvao
u Zagreb i koji mi je boravak ovdje u¢inio veoma ugodnim. Prof. dr. PSenica, koji mi i kao
kemi¢ar i kao Vukovaréanin stoji osobito blizu, toliko je svog skupocjenog vremena Zrtvovao,
da mu se ne mogu dovoljno zahvaliti. Vukovarcani i Srijemci, oni od kuée i iz Zagreba iznenadili
su me tako srda¢no, da ne moram zaliti, $Sto sam rodjen u Vukovaru. Hrvatsko sveuciliSte na celu s
rektorom drom Andrijom Zivkoviéem, mojim drugom, pruzilo mi je priliku, da sam mogao
dozivjeti najsvecaniji akt svoje sveuciliSne karijere. ... Prof. dr. PSenica, koji je bio prisutan
razgovoru s novinarima spomenuo je na koncu izjave dra Ruzi¢ke, da je do¢ek kao i boravak
dra Ruzi¢ke u Zagrebu bio najveéa kulturna manifestacija, koju je Hrvatska dozivjela.«

Beogradska Politika objavila je 6 ¢lanka o dodjeli Nobelove nagrade dr. Ruzicki i
njegovom boravku u Zagrebu od 15. do 20 ozujka 1940., ¢ime je pokazala veliko zanimanje za
ovaj dogadaj.”’

primio glasovitog u¢enjaka Hrvata®, Hrvatski dnevnik, 17. ozujka 1940., str. 4.; ** | Sveana promocija Hrvata-laureata
Nobelove nagrade dra Ruzitke na Cast doktora medicine na Hrvatskom sveucilitu u Zagrebu — govori rektora dra A.
Zivkovica i laureata dra Ruzicke®, Hrvatski dnevnik, 18. ozujka 1940., str. 2.; ** ,Hrvatski ucenjak, dobitnik Nobelove
nagrade dr L. Ruzicka otputovao iz Zagreba i ponio u Svicarsku nezaboravne dojmove iz svoje domovine Hrvatske®,
Hrvatski dnevnik, 21. ozujka 1940., str. 8.

Y Dr. L. S. — ,Jz medicine: Hemiski sastav i dejstvo polnih hormona ta¢no su ispitani (Zbog Gega su nas zemljak profesor
Ruzicka i nemacki profesor Butenand dobili ovogodisnju Nobelovu nagradu za hemiju)“, Politika, God. XXXVL (31. XIL
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Interesantno je primijetiti da dopisnik Politike iz Zagreba, Vasa Jaksi¢, RuZi¢ku naziva nas
zemljak, ne spominjuéi da je Hrvat, te da Ruzicka, unato¢ trideset i Cetverogodi$njeg izbivanja, jo$
uvijek dobro govori nas jezik, dakle nece da kaZe da je to hrvatski jezik. U ¢lanku ,,Ovogodisnji
nosilac Nobelove nagrade za hemiju, na§ zemljak g. dr. Lavoslav Ruzi¢ka, o svom zivotu i radu —
Kako je g. dr. Ruzicka dobio Nobelovu nagradu®, autor pojasnjava znanstveni opus dr. Ruzic¢ke i uz
tekst je prilozio i fotografiju dr. Ruzicke s njegovom gospodom (Slika 5).

r. ap. Pyxuuka ca rocnohom

Slika 5. Dr. RuZi¢ka s gospodom Annom

Zagrebacki Obzor, objavio je 5 ¢lanka o dodjeli Nobelove nagrade dr. Ruzi¢ki i njegovom
boravku u Zagrebu od 15. do 20 ozujka 1940. > Zagrebacke novine Veder, objavile su tri ¢lanka o
dodjeli Nobelove nagrade dr. Ruzigki i njegovom boravku u Zagrebu od 15. do 20 ozujka 1940.%
Pakovacki list Hrvatska obrana objavio je 3 ¢lanka o dodjeli Nobelove nagrade dr. Ruzicki i
njegovom boravku u Zagrebu od 15. do 20 ozujka 1940.*

1939.), br. 11346, str. 20.; **  Nosilac ovogodi$nje Nobelove nagrade na§ zemljak g. dr. L. Ruzi¢ka u Zagrebu“, Politika,
God. XXXVIL (15. III. 1940.), br. 11418, str. 10.; ** , Ovogodisnji nosilac Nobelove nagrade za hemiju na§ zemljak g.
dr. L. Ruzi¢ka doputovao je u Zagreb — Juder posle podne on je odrzao predavanje o temi: "Od dalmatinskog buhaca do
seksualnih hormona"“, Politika, God. XXXVIL (17. III. 1940.), br. 11420, str. 19.; ** | Zagrebacki univerzitet
promovisao je juCer za poasnog doktora medicine nosioca Nobelove nagrade g. dr. Ruzi¢ku®, Politika, God. XXXVIL
(18. TIT. 1940.), br. 11421, str. 8.; ** | G. dr. L. Ruzicka otputovao iz Zagreba“, Politika, God. XXXVII. (21. TII. 1940.), br.
11424, str. 9.; Vasa JAKSIC — Ovogodisnji nosilac Nobelove nagrade za hemiju, na§ zemljak g. dr. Lavoslav Ruzi¢ka, o
svom Zivotu i radu — Kako je g. dr. Ruzi¢ka dobio Nobelovu nagradu, Politika, God. XXXVIL. (24. I11. 1940.), br. 11427, str.
2 % Dobitnici Nobelove nagrade®, Obzor, 10. XI. 1939., str. 1.; ** _Dolazak Dra Lavoslava Ruzi¢ke u Zagreb*, Obzor,
14. 1II. 1940., str. 4.; ** _Prof. Dr. Ruzi¢ka u Zagrebu®, Obzor, 16. IIl. 1940., str. 4.; ** _ Promocija Prof. Dra Lavoslava
Ruzicke*, Obzor, 18. III. 1940., str. 4.; **  Drustvo inZenjera u pocast dru Ruzicke*, Obzor, 18. IIL. 1940., str. 4.

# ** Dobitnik Nobelove nagrade dr Ruzi¢ka posjetio je bana hrvatske i dra Vladka Madeka - Za danasnje predavanje
dobitnika Nobelovo nagrade vlada ogroman interes - sutra ¢e dr Ruzicka biti promoviran na cCast doktora medicine
honoris causa, Vecer, God. XXI., 16. ozujka 1940., str. 2.; **  Vecera starih drugova dr Ruzicke i njegovih profesora -
jedno ugodno vece u »Esplanadu« u kojem su se nasli na okupu svi Skolski drugovi g. dr. Ruzicke i profesori - g. dr.
Ruzicka vraca se sutra u Ziirich“, Vecer, God. XXI., 18. ozujka 1940., str. 2.; ** | Jutros je dr Ruzi¢ka otputovao iz Zagreba
- »Hormoni koriste starim ljudima i nedovoljno razvijenoj mladeZi«, rekao je prof. dr. Ruzicka - Boravak dra RuZicke u
zagrebu uéinio je, da bi mu tesko bilo odgovoriti da li se osje¢a Hrvatom ili Svicarom. - g. dr Macek sastao se s g. drom
Ruzi¢kom na kolodvoru i zazelio mu sve dobro*, Vecer, God. XXI., 20. ozujka 1940., str. 3.

30 %% Sitne vijesti iz inozemstva: Hrvatski ugenjak dr Lavoslav Ruzi¢ka primio je nekidan u Ziirichu Nobelovu
nagradu za kemiju®, Hrvatska obrana, God. XXI. (21. L. 1940.), br. 3., str. 1.; ** _Dar hrv. sveu¢ilistu®, Hrvatska obrana,
God. XXI. (17. III. 1940.), br. 10., str. 1.; ** Promocija dra Ruzi¢ke u Zagrebu®, Hrvatska obrana, God. XXI. (24. IIL.
1940.),br. 11., str. 9.
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Splitski Narodni list objavio je 2 ¢lanka o dodjeli Nobelove nagrade dr. Ruzicki i
njegovom boravku u Zagrebu od 15. do 20 ozujka 1940.°' Primorske novine, izdavane na Susaku,
objavile su 2 ¢lanka o dodjeli Nobelove nagrade dr. Ruzi¢ki i njegovom boravku u Zagrebu od 15.
do 20 ozujka 1940.>*** Zagrebatka Nedjelja objavila je jedan &lanak o dodjeli Nobelove nagrade dr.
Ruzic¢ki i njegovom boravku u Zagrebu od 15. do 20 ozujka 1940. Taj ¢lanak nosi naslov ,,Prvi
Hrvat Nobelov laureat u Zagrebu“.** Autor teksta je napisao svoje misli, vezano za Ruzickin
dobitak ove svjetski najprestiznije nagrade: ,,Prof. Ruzicka, ucenjak svjetskoga glasa, je Hrvat, no
da li svijet znade $to je on zapravo i ne drzi li ga svijet Svicarcem, §to on doduse po drzavljanstvu
jest, ali ne po narodnosti? Svoje predavanje drzao je prof. Ruzic¢ka na hrvatskom jeziku. I zar nasi
ljudi samo vani mogu dokazati da smo i mi Hrvati na visini drugih naroda?* Uz konstataciju
da je proslava dr. Ruzicke u Zagrebu bila svecana, autor teksta dodaje da se zapazilo da on nije
mason, jer bi inace stvar ispala jos daleko svecanije. Napose se u ¢lanku pohvaljuje lijepa gesta
Vukovarke Marije Najpar, koja je povodom te proslave, poklonila zagrebackom sveucilistu 100.000
dinara, te se dodaje da bi se u njen primjer trebali ugledati i drugi imuéniji Hrvati, jer je takvih
dobrotvora jako malo. Pohvaljuje se i namjena te zaklade, koju je M. Najpar odredila za redovite
slusace hrvatskog sveucilista, cestite Hrvate, za radnje koje bi promicale poznavanje hrvatskog
jezika, hrvatske knjizevnosti, povijesti i etnografije, i to uz uvijet, da se radnje ne kose s katolickom
vjerskim uvjerenjem hrvatskog naroda.

Zagrebacki list za mladez, Smilje objavilo je jedan ¢lanak o dodjeli Nobelove nagrade dr.
Ruzicki i njegovom boravku u Zagrebu od 15. do 20 ozujka 1940. Rad nosi naslov ,,Hrvat dr.
Ruzicka dobio Nobelovu nagradu®, i izvjeS¢uje da je nedavno dr. Ruzicka, kao prvi Hrvat, dobio
Nobelovu nagradu za kemiju. Dodaje se da je dr. Ruzicka rodom iz Vukovara i da zivi u tudem
svijeru, u Svicarskoj.”

PROBLEM CENZURIRANJA CLANKA DR. ING. NIKOLE PSENICE

Kako je ve¢ navedeno, dr. ing. Nikola PSenica je napisao ¢lanak pod naslovom ,,Boravak
prof. dra. Lavoslava RuZi¢ke u Zagrebu od 15.-20. III. 1940.%,’® koji mu je bio cenzuriran. Inace,
na cenzuriranje navedenog c¢lanka N. Psenice, ukazao je Gjuro Dezeli¢ u svom c¢lanku
»Cenzurirani nobelovci - U kojim uvjetima se uredivao "Kemijski vjestnik (Arhiv za kemiju i
tehnologiju)", prete¢a dana$njih Casopisa "Croatica Chemica Acta" i "Kemija u industriji", u
vrijeme II. svjetskog rata“.’” On je u arhivskoj ostavitini svoga oca dr. Mladena Dezeli¢a (1900. -
1989.) pronasao sacuvane dokumente, koji pokazuju da je znanstveni ¢asopis "Kemijski vjestnik
(Arhiv za kemiju i tehnologiju)", kojeg je glavni urednik bio dr. M. Dezelié, a koji je od 1941. do

31#%  Osjedanin dr. Lavoslav Ruzi¢ka dobio Nobelovu nagradu za kemiju®, Narodni list (Split), God. I, br. 3. 16. XI. 1939.,
str. 8.; ** | Pomanjkanje narodnog ponosa ...“, Narodni list (Split), God. L, br. 11., 21. IIL. 1940., str. 4.

32 Hrvat dr. Lavoslav Ruzi¢ka dobitnik Nobelove nagrade za kemiju®, Primorske novine, God. V. (11. XI. 1939.), br. 1325,
str. 1.

33 Svecana promocija dr. Ruzicke u Zagrebu®, Primorske novine, God. VI. (18. III. 1940.), br. 1430, str. 1.

3* Prvi Hrvat Nobelov laureat u Zagrebu®, Nedjelja, br. 12., (1940.), str. 7.

35 Hrvat dr, Ruzicka dobio Nobelovu nagradu®, Smilje, God. LXXIX. (I. 1940.), br. 5., str. 94.

% Nikola PSENICA - Boravak prof. dra. Lavoslava RuZitke u Zagrebu od 15.-20. IIL. 1940., Kemijski vjestnik (Arhiv za
kemiju i tehnologiju), God. XV i XVL (1941-42.), str. 92. — 126.

" Gjuro DEZELIC - ,,Cenzurirani nobelovci - U kojim uvjetima se uredivao "Kemijski vjestnik (Arhiv za kemiju i
tehnologiju)", prete¢a danasnjih Casopisa "Croatica Chemica Acta" i "Kemija u industriji", u vrijeme II. svjetskog rata®, KUI,
54 (5) (2005.), str. 280. — 282.
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1943. izaSao u dva sveska, godista XV./XVI. (1941.-42.) i XVIL (1943.), potpao pod cenzorski
nadzor. Navodi Gj. Dezeli¢, da je dva dana nakon $to je M. Dezeli¢ izabran za urednika, 22. rujna
1942., primio pismo Nikole PSenice s prilozenim rukopisom "Dr. Lavoslav Ruzic¢ka, boravak
velikog ucenjaka u Zagrebu od 15. do 20. ozujka 1940.", a u popratnom pismu je rekao da je
korekturu sloga spreman obaviti, ali da izjavljuje, da nikako ne pristaje na kakav god stilisticki ili
jezi¢ni ispravak u tekstu ili kakovo god smanjenje ili nadopunu. Konstatirao je Gj. Dezeli¢: ,,Taj je
¢lanak bio tim viSe znacajan, jer je dr. PSenica, rodeni Vukovarac kao i Ruzicka, tada na duznosti
predsjednika HKD, bio osobito zasluzan za ostvarenje ove znaCajne opcehrvatske manifestacije
koja je pobudila golem interes javnosti i koja je mobilizirala sve najznacajnije hrvatske kulturne
institucije da se pridruze organiziranju Ruzickina dolaska u Zagreb. No, kada su u uredniStvu
dobili dopis 25. veljate 1943., iz Glavnog ravnateljstva za promicbu u Ministarstvu narodne
prosvjete NDH, sa Zigom Novinskog odsjeka DrZavnog izvjestajnog i promicbenog ureda kod
Predsjednictva vlade NDH, potpisan od nadzornika Hasana Suljaka, u kojem se trazi da sam pisac
udesi svoj prikaz tako, da bi izostala imena ljudi, koji su uklonjeni iz javnog hrvatskog Zivota i sva
ona mjesta, gdje se izticu pacifisticke i ine misli, koje bi u sadasnjim ratmim prilikama na neke ljude
mogle neugodno djelovati, a mozda bi nam se zamjerilo i sa strane nasih saveznika.

Jos je Gj. Dezeli¢ u svom ¢lanku naveo: ,,Nije sacuvana nikakva druga biljeska o reakciji
autora PSenice, moguéim kontaktima s navedenim uredom prije tiska, ali se iz tiskanog ¢lanka vidi
da je PSenica ipak bio prisiljen odustati od prvotnog zahtjeva da ne pristaje na bilo kakve izmjene u
¢lanku. U Dezeli¢evom arhivu nema originala ¢lanka, pa nije poznato kakve je sve izmjene autor
unio.“ No, u knjiznici Katolickog bogoslovnog fakulteta u Zagrebu, pronaden je primjerak
rukopisne ostavstine navedenog ¢lanka dr. ing. N. PSenice, u kojem je on ukazao na re€enu cenzuru,
svojom ,,Uvodnom primjedbom* od 7. svibnja 1945., zajedno s cenzorovim dopisom.*® Tu je
PSenica naveo, da po cenzuri krizani, ispravljeni i izmijenjen rukopis i tiskani otisci, nalaze se u
njegovom posjedu. Nazalost ti primjerci nisu pronadeni, ali temeljem ovoga ocitovanja N.
Psenice, i kopije njegovog ukazivanja na cenzorske intervencije (Slika 6), kojih je pobrojano
ukupno 36, pronadenih u knjiznici KBF-a u Zagrebu, moze se rekonstruirati originalni tekst toga
¢lanka. Inace, u tom ¢lanku Dr. Ing. N. PSenica detaljno je opisao pripreme, dolazak i boravak dr.
Ruzic¢ke u Zagrebu od 15. do 20. ozujka 1940. Opisujuéi ¢uveno Ruzi¢kino predavanje odrzano 16.
ozujka 1940. pred oko 1600 slusatelja, kaze PSenica, da su dr. Ruzi¢ku, nakon jednosatnog
predavanja pozdravili svi prisutni odusevljenim pljeskom. Iza toga predsjednik HDK u Zagrebu
dr. Ing. N. PSenica, pozdravio je toplim govorom dr. Ruzic¢ku, te je istakao, da je dr. Ruzicka
jedan od osnivaca HKD-a u godini 1926., redovni ¢lan od tada do te 1940., te da ga je HKD
izabrao za svog prvoga pocasnog cClana. Nakon toga je dr. ing. PSenica predao Ruzicki
prekrasnu diplomu, koju je izradila u kozi hrvatska umjetnica prof. Zdenka Serti¢, ukrasivsi ju
narodnim motivima vukovarskog t. j. rodnog kraja dra Ruzi¢ke.” Ono $to treba izdvojiti iz ¢lanka
N. PSenice je i sljede¢i tekst: ,,U utorak 19. III. 1940. Dr. Ruzicka odrzao je sastanak sa
zagrebackim novinarima i izvjestiteljima velikih dnevnika u salonima Hotela Esplanade, kod kojeg
je prisustvovao Dr. Nikola Andri¢ i Dr. Nikola PSenica, te je izjavio: "Prije svoga odlaska zelim,
da se zahvalim odboru stru¢nih drustava i ustanova, koji me je ljubazno pozvao u Zagreb i koji

38 Biblioteka Katolickog bogoslovnog fakulteta u Zagrebu, br. 153 94 12, S-28812/1945.
3% Nikola PSENICA - Boravak prof. dra. Lavoslava Ruzi¢ke u Zagrebu od 15.-20. III. 1940., Kemijski vjestnik (Arhiv za
kemiju i tehnologiju), God. XV i XVL (1941-42.), str. 110. — 111.
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mi je boravak ovdje ucinio toliko ugodnim. G. predsjednik Hrvatskog kemijskog drustva Dr.
Psenica, koji mi i kao kemi¢ar i kao Vukovarac stoji osobito blizu, toliko je svoga
skupocjenoga vremena zrtvovao, da mu ne mogu dosta zahvaliti. Vukovarci i Srijemci, i oni od
kuce i oni iz Zagreba, iznenadili su me tolikim srdaénim iznenadenjima, da ne moram Zaliti, §to sam
roden u Vukovaru." ... Predsjednik Hrvatskog kemijskog drustva Dr. Ing. Nikola PSenica narocito
je naglasio, da velika hvala za uspjeh kulturne manifestacije grada Zagreba prilikom boravka Dra
Ruzicke u Zagrebu ide zagrebackom novinstvu. Ono je mnogo pridonijelo tome, da se boravak Dra
Ruzicke u Zagrebu pretvorio u tako veliku kulturnu manifestaciju kakvu do danas nismo
imali. Novinstvo se ovaj puta pokazalo doista - rekao je dr. PSenica - na zamjernoj visini, na ¢emu
mu velika hvala. ... Na uspomenu dobivanja Nobelove nagrade izradio je za Dra Ruzic¢ku §vicarski
medaljar W. F. Kunz u Ziirichu umjetni¢ku plaketu, od kojih je poklonio Dr. Ruzicka u Zagrebu
5 komada, i od toga jednu g. Dru Psenici, predsjedniku Hrvatskog kemijskog drustva u
Zagrebu, osobno.“*’

[ 153 94 12

y -
o

Slika 6. Oc¢itovanje N. PSenice o cenzuriranju njegovog ¢lanka i dopis od cenzora (KBF, Zagreb)

Na kraju svoga ¢lanka N. PSenica je naveo da je 28. ozujka 1942. proglasen i proveden
razlaz »Odbora znanstvenih i struénih ustanova i druztava za docek i boravak Dra Lavoslava
Ruzi¢ke u Zagrebu«. Jo$ je naveo da je Hrvatsko prirodoslovno drustvo u Zagrebu izabralo dr.
Ruzi¢ku, na svojoj redovitoj godiSnjoj glavnoj skupstini odrzanoj u travnju 1940. u Zagrebu, za
svog pocasnog ¢lana, a Akademija znanosti i umjetnosti u Zagrebu izabrala je na svojoj skupnoj
sjednici odrzanoj 7. V1. 1940. Prof. Dra Ruzicku za svog pocasnog ¢lana.

Isto tako izvijestio je PSenica, da je Drustvo Osjecana u Zagrebu, uputilo dr. Ruzicki 3.
svibnja 1940. pismo u kojem se, medu ostalim kaze: ,»Prigodom VasSeg slavom ovjencanog
boravka u prvoj Vasoj domovini Hrvatskoj, koja je sretna i ponosna, da je iako mala, dala svijetu uz
Strossmayera i drugih velikana jo§ jednog velikog naucenjaka. Drustvo Osjecana u Zagrebu nije

“ Nikola PSENICA - Boravak prof. dra. Lavoslava RuZicke u Zagrebu od 15.-20. III. 1940., Kemijski vjestnik (Arhiv za
kemiju i tehnologiju), God. XV i XVL (1941-42.), str. 121. — 124.
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htjelo ni smjelo,*" da oduzme ili da se bori za prvenstvo sa bratskim drutvom Vukovaréana, pa je
stoga zakljucilo, da Vam ovim putem Cestita i izrazi svoju zahvalnost. ... Drustvo Osjecana u
Zagrebu drzi, da ne grijesi kada smatra, da Vi nemate samo dvije domovine, ve¢ da imadete tako
reku¢ i dva rodna mjesta. U Vukovaru zapoceo je Vas tjelesni zivot, a u Osijeku Va§ duhovni.
Temelje Vase danasnje svjetske veli¢ine primili ste u $kolama naseg dragog Osijeka. U njemu ste
prozivili nezaboravne dane rane mladosti i dakovanja. Zato mislimo da i mi imademo pravo da
Vas svojatamo za sebe i da se s Vama ponosimo, a i duznost da Vam budemo zahvalni. Saopéujué
taj zakljucak, slobodni smo Vam poslati album grada Osijeka koji neka Vas i u velikom svijetu
sjeca malog VaSeg Osijeka i Vaseg djetinjstva.
Za upravni odbor, Stjepan Jobst, v. r., predsjednik; Lujo Sesti¢, v. r., tajnik.«
I na samom kraju zakljuCuje dr. ing. N. PSenica: ,,Zakljucujuéi time ovaj prikaz o Dru
Ruzi¢ki i poredavsi sve pojedinosti, koje se odnose na Vukovar i na Zagreb prema ¢injeniénom
stanju, izvrSio sam time jednu duznost, saduvav$i na taj na¢in mnoge pojedinosti od zaborava.
Dajem time buduéem biografu Dra Ruzic¢ke gradu i putokaze na odnosna vrela, a to mi je jo§ danas
tim lakSe, jer su sve niti priprava o Nobelovom predavanju i o boravku Dra Ruzi¢ke u
Zagrebu od 16. do 20. I11. 1940. bile u mojim rukama. Sto se dalje odmi¢emo od tih dana, blijedi
sve jace sjeéanje, a i redovi suvremenika postaju sve rjedi.
Zagreb, 30. ozujka 1942«

42

ZAKLJUCAK

Prema svemu iznijetom proizlazi da je dr. ing. Nikola PSenica, kao suvremenik naseg
prvoga nobelovca Ruzicke i njegov susjed Vukovarac po rodenju, imao iznimnu ulogu u
organiziranju Ruzickine proslave dobitka Nobelove nagrade, koja je odrzana u Zagrebu od 15. do
20. ozujka 1940. On je, po op¢oj ocjeni, sva hrvatska znanstvena i struéna drustva uspje$no povezao
s Ruzi¢kom, te je proveo na uzoran nacin organizaciju svih priredbi i dogadaja, koji su bili tada
posveceni nasem prvom nobelovcu. Da bi to ostvario dr. ing. N. PSenica kroz tri mjeseca je
neumorno radio, a osobito se posvetio popularizaciji te Ruzic¢kine proslave, njegovog zivota i djela,
ali na osebujan nacin, i svoga i Ruzickinog rodnog grada Vukovara. Time je predodredio
odrzavanje danasnjeg medunarodnog znanstveno-struénog skupa ,Ruzickini dani“, upravo u
Vukovaru!

Osim toga za njegovog mandata predsjednika Jugoslavenskog hemijskog drustva, Sekcije
u Zagrebu, to drustvo je promijenilo ime 5. studenog 1939. u Hrvatsko kemijsko drustvo koje ime i
danas nosi.

Ovime se usmjerilo malo svjetla, na do sada nedovoljno poznatog, jo§ jednog znamenitog
Vukovarca, dr. ing. Nikolu PSenicu.

4l Malo pokasno obracanje i postavlja se pitanje tko im je zabranio?
2 Nikola PSENICA - Boravak prof. dra. Lavoslava RuZitke u Zagrebu od 15.-20. IIL 1940., Kemijski vjestnik
(Arhiv za kemiju i tehnologiju), God. XV i XVL (1941-42.), str. 124. — 125.
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Summary

Oxido-reduction properties of rutin in three inert electrolytes (KCl, NaCl and LiCl) were studied by
cyclic and differential pulse voltammetry. Cyclic voltammograms of rutin revealed two oxidation
peaks in all three electrolytes, which were associated with oxidation of four -OH groups of rutin.
The first oxidation peak was reversible and it corresponds to the oxidation of the 3°,4"- dihydroxy
groups on the B-ring of rutin and the second oxidation peak was irreversible and it corresponds to
oxidation of 5,7-dihydroxy groups on the A-ring of rutin. Differential pulse voltammograms also
revealed two oxidation peaks associated with oxidation of four -OH groups of rutin.

Keywords: rutin, different inert electrolytes, cyclic and differential pulse voltammetry
Introduction

Polyphenols are naturally occurring group of compounds which are responsible for brightly
coloured pigments present in a variety of fruits and vegetables and protect plants from diseases and
ultraviolet light. Depending on their basic structure, polyphenols can be divided into at least 10
different classes. Flavonoids constitute one of the most important groups and their common
structure consists of two aromatic rings linked through three carbons that usually form an
oxygenated heterocycle (C¢-C;3-Cg) (Balasundram et al., 2006). Since rutin is a flavonoid glycoside
compound with electrochemical activity, electroanalytical techniques have been used for direct
detection of rutin, which shows many advantages including high sensitivity, simple and speedy
procedure, and low cost equipment with wider dynamic range. In the last three decades
electrochemical properties of flavonoids were studied by cyclic voltammetry (Duan et al., 2013, Hu
et al., 2012, Ghica et al., 2005; Tian et al., 2008; Zielinska et al., 2008; Medvidovi¢-Kosanovi¢ et
al., 2010), differential pulse voltammetry (Duan et al., 2013, Volikakis et al., 2000; Kang et al.,
2002; Ghica et al., 2005; Medvidovi¢-Kosanovi¢ et al., 2010), square-wave voltammetry (Ghica et
al., 2005; Zhang et al., 2008; Medvidovi¢-Kosanovi¢ et al., 2010), linear sweep voltammetry (Kang
et al., 2002; Medvidovi¢-Kosanovi¢ et al., 2010), chronocoulometry (Zeng et al., 20006),
electrochemical impedance spectroscopy (Hu et al., 2012) and UV spectroelectrochemistry (He at
al., 2007). The flavonoid rutin (quercetin-3-O-rutinose) (Fig. 1), also known as vitamin P, is one of
the most bioactive flavonoids usually found in plants (especially buckwheat), black tea and apple
peels. In humans, it attaches to the iron ion (Fe*"), preventing it from binding to hydrogen peroxide
and creating a highly reactive free radical that may damage cells.
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Rutin may have antioxidant, anti-inflammatory, anti-tumor, anti-thrombotic, cardio protective and
antibacterial activity (Dufresne et al., 2001).

OH

o CH—0 H

OH CH,
Fig. 1. Chemical structure of rutin

It increases the strength of the walls of blood capillaries and regulates their permeability. Therefore,
rutin can reduce the symptoms of many other capillary diseases. In this study, oxido-reduction
properties of rutin in three different electrolytes (KCl, NaCl and LiCl) were investigated by cyclic
and differential pulse voltammetry.

Materials and Methods

All commercially available chemicals were of reagent grade and used as purchased from
commercial sources. Rutin trihydrate (C,;H30016 + 3H,O) and Sodium Chloride (NaCl) were
obtained from Sigma-Aldrich (St. Louis, MO, SAD). Lithium Chloride (LiCl) was purchased from
BDH Prolabo (Leuven, Belgium), Potasium Chloride (KCl) from Kemika (Zagreb, Croatia) and
Methanol (CH;0OH) from Carlo Erba (Val de Ruil, France).

Electrochemical experiments were performed on PalmSens potentiostat/galvanostat (PalmSens BV,
Utrecht, The Netherlands) driven by PSTrace 4.2 software. A conventional three-electrode cell was
used with a glassy carbon as a working electrode, Ag/AgCl as a reference electrode and a platinum
wire as a counter electrode. The glassy carbon working electrode was polished with coarse diamond
polish (I um, ALS, Japan) and with polishing a-Al,O; (0.05 pm, ALS, Japan) before each
measurement. Cyclic voltammetry scan rate was 100 mV s '. The differential pulse voltammetry
conditlions were: scan increment 5 mV, pulse amplitude 25 mV, pulse width 70 ms and scan rate 5
mVs .
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Results and Discussion

Cyclic voltammetry studies

Cyclic voltammograms of rutin in three different electrolytes (KCl, NaCl and LiCl) are shown in
Fig. 2. All voltammograms revealed two oxidation peaks of rutin, which correspond to oxidation of
4-OH groups of rutin. The first oxidation peak (Al), arround 0.39 V corresponds to oxidation of
catechol group (3°,4"-dihydroxy) at the B-ring of rutin and the second oxidation peak (A2), arround
1.0 V corresponds to the oxidation of 5- and 7-hydroxy groups at ring A of rutin. A reduction peak
(K1) at potential around 0.36 V corresponds to the reduction of the oxidation product formed in the
first anodic peak (Ghica et al., 2005). Obtained AEp value was around 30 mV indicating reversible
oxidation reaction which includes transfer of two electrons. Rutin oxidation is a diffusion controlled
process since linear dependence was found between anodic peak current and the square root of scan
rate (R* = 0.97) in all three electrolytes (Fig. 3).
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Fig. 2. Cyclic voltammograms of rutin (¢ = 1-10”° mol dm™) recorded at glassy carbon electrode,
scan rate: 100 mV/s. I, = 0.34 mol dm™ KCI (A), NaCl (B) and LiCl (C).
(---) blank, (—) solution with rutin
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Fig. 3. Anodic peak current of the first oxidation peak (I, »;) of rutin (¢ = 1:10° mol dm™) as a
function of the square root of scan rate, v'’2. I, = 0.34 mol dm™ KCl (A), NaCl (B) and LiCl (C)

Differential pulse voltammetry studies

Differential pulse voltammograms (Fig. 4) also revealed two oxidation peaks (Al and A2) in three
investigated electrolytes which correspond to oxidation of 4 hydroxy groups in rutin. The first
oxidation peak (Al) was arround 0.39 V and the second oxidation peak (A2) was arround 1.0 V.
Oxidation peaks did not change with successive scans which shows that rutin oxidation product did
not adsorb on the glassy carbon electrode surface. Peak current and peak potential increased with
increasing rutin concentration.

A linear relationship between peak current and rutin concentration was found in concentration range
from 1-10° mol to™ do 4.2:10° mol dm™ in all investigated electrolytes (Fig. 5). A linear regression
equation, Ip = 0.2714 ¢ + 0.6181 (R* = 0.9726) was found for KCI (Fig. 5A); Ip = 0.205 ¢ + 0.3711
(R* = 0.9434) was found for NaCl (Fig. 5B) and Ip = 0.1598 ¢ + 0.1315 (R* = 0.982) was found for
LiCl (Fi3g. 5C) where Ip is the oxidation peak current (-10? pA) and ¢ is rutin concentration (-10°
mol dm™).
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Fig. 4. Differential pulse voltammograms of rutin (¢ = 1:10™ mol dm™) recorded at glassy carbon
electrode, scan rate: 5 mV/s. l;=0.34 mol dm™ KCI (A), NaCl (B) and LiCI (C)
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Fig. 5. Anodic peak current of the first oxidation peak (I, 4;) of rutin as a function of rutin
concentration, scan rate: 5 mV/s. I = 0.34 mol dm™ KCl (A), NaCl (B) and LiCl (C)
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Conclusions

In this study electrochemical properties of rutin in three electrolytes (KCl, NaCl and LiCl) were
investigated. Two oxidation peaks in all three electrolytes have appeared, which were associated
with oxidation of four -OH groups of rutin. The first oxidation peak was reversible and it
corresponds to the oxidation of the 3°,4'- dihydroxy groups on the B-ring of rutin and the second
oxidation peak was irreversible and it corresponds to oxidation of 5,7-dihydroxy groups on the A-
ring of rutin. A linear relationship between peak current and rutin concentration was found in
concentration range from 1-10°° mol to™ do 4.2:10”° mol dm™ in all investigated electrolytes.
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Sazetak

Vitamini su bioloski aktivne komponente koje pomazu u odrzavanju zdravlja i regulaciji rasta i
razvoja organizma. Buduc¢i da se hrana obogacéuje vitaminima, od izuzetne vaznosti za laboratorije
subjekata u poslovanju s hranom je njihova detekcija i kvantifikacija. Cilj istrazivanja je
optimizacija metode odredivanja sadrzaja dodanih vitamina B skupine na referentnom materijalu
zitarica za dorucak. Princip metode je ekstrakcija vitamina kiselinskom hidrolizom, a sadrzaj je
odreden primjenom tekucinske kromatografije visoke djelotvornosti (HPLC) uz reverzno faznu
kolonu i fluorescentni detektor. Za vitamin B, je dodatno provedena oksidacija alikvotnog dijela u
tiokrom uz ekstrakciju izobutanolom, a za niacin post-kolonska derivatizacija UV zracenjem u
prisustvu bakrenog(Il)iona i vodikovog peroksida. Optimizacija je ukljuéivala varijaciju vremena
autoklaviranja (5, 10, 15, 30 minuta), smanjenje odvaga uzorka i volumena otapala. Ovim radom
razvijena je jednostavna i brza metoda za odredivanje dodanih vitamina B skupine u uzorke Zitarica
za dorucak. Optimizirana metoda je validirana s obzirom na linearnost, preciznost i to¢nost, a
vanjska ocjena kvalitete rezultata ispitivanja dokazana sudjelovanjem u testovima sposobnosti.
Provedena optimizacija metode odredivanja sadrzaja vitamina B skupine pozitivno je utjecala na
efikasnost rada laboratorija.

Kljucne rijeci: vitamini B skupine, optimizacija metode, testovi sposobnosti

Uvod

Vitamini su organski, esencijalni nutrijenti koji su organizmu potrebni u malim koli¢inama. Imaju
brojne uloge u organizmu i sudjeluju u odvijanju funkcija koje poticu rast, razvoj i odrzavanje
zdravlja. Vitamini B skupine su vitamini topivi u vodi, a neki od njih (tiamin — B, riboflavin — B,,
niacin, pantotenska kiselina i biotin) dio su koenzima (malih organskih molekula) koji pomazu
enzimima u oslobadanju i iskoristavanju energije iz ugljikohidrata, masti i proteina, dok vitamin Bg
pomaze enzimima koji metaboliziraju aminokiseline. Simptomi nedostatka vitamina B direktno
utjeCu na neravnotezu metabolizma nastalu zbog nedostatka koenzima c¢iji su dio. Nedostatak
vitamina B skupine u organizmu predstavlja rizik za zdravlje jer moze rezultirati raznim bolestima
(nedostatak vitamina B beriberi; vitamina B, upalni procesi u ustima, o¢ima, na kozi; niacina —
pelagra; vitamina B¢ — dermatitis, zbunjenost, anemija), stoga je vazno unositi ih uravnotezenom
prehranom (Whitney i Rady Rolfes, 2008).
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Osim identifikacije vitamina B skupine u hrani, vazna je i njihova kvantifikacija (Gratzfeld-Hiisgen
i Schuster, 2001). Za kvantifikaciju vitamina B skupine optimizirana je postoje¢a metoda visoko
djelotvorne tekucinske kromatografije koja je temeljena na normiranim metodama odredivanja
vitamina (HRN EN 14122:2003/AC:2005, HRN EN 14152:2003, HRN EN 15652:2009, HRN EN
14164:2002). Ekstrakcija se provodi dodatkom klorovodiéne kiseline ¢=0,1 mol/dm’. Vrijeme
ekstrakcije je 30 minuta. Doda se natrijev acetat ¢=2,5 mol/dm’ i takadiastaza nakon Gega slijedi
inkubacija uzorka u trajanju od 1 h do 17 h. Svi uzorci se nadopunjavaju demineraliziranom vodom.
Za analizu vitamina B, potrebno je dodatno provesti oksidaciju tiamina u tiokrom u odredenom
volumenu uzorka za analizu vitamina B,, B i niacina, uz dodatak otopine kalij fericijanida gustoce
0,4 g/dm’. Ekstrakcija se provodi izobutanolom.

Optimizirana metoda mora biti validirana prije nego se moze smatrati ukljuCenom unutar
definiranog opsega. Glavni cilj validacije metode je dokazati da je metoda sposobna rijesiti
postavljenu zadadu te da rezultat ima prihvatljivu nesigurnost, tj. da je analitiCka metoda prikladna
namijenjenoj svrsi. Struka, regulativa i zakonodavstvo prihvatili su osam osnovnih parametara
validacije:  selektivnost; linearnost; podrucje; preciznost (ponovljivost, medupreciznost,
obnovljivost); to¢nost; granica kvantifikacije; granica detekcije i postojanost (Lazari¢. 2012).

Cilj istrazivanja bio je optimizirati postoje¢u metodu odredivanja sadrzaja dodanih vitamina B
skupine na matriksu referentnog materijala zitarica za dorucak. Optimizirani su parametri koji bi
mogli utjecati na metodu: odvaga uzorka i trajanje ekstrakcije. Varirano je vrijeme autoklaviranja
(5, 10, 15 i 30 minuta), a odvaga uzorka i volumeni koriStenih otapala su smanjeni. Razvijena
optimizirana metoda je djelomi¢no validirana s obzirom na linearnost, preciznost i to¢nost, a
dobiveni rezultati su potvrdeni sudjelovanjem u testovima sposobnosti (eng. Proficiency test).

Za testove sposobnosti koriSten je program medulaboratorijskih usporedbi iz podrucja kemije hrane
- FAPAS (Food Analysis Performance Assessment Scheme). Testovi sposobnosti su esencijalni dio
postupka laboratorijske kontrole. Sudjelujué¢i u ovim testovima korisnici dobivaju povjerenje u
koriStenu laboratorijsku opremu, metode i osoblje, te sigurnost da daju kvalitetne rezultate koje
traze njihovi korisnici (FAPAS, 2015).

U ovom radu opisana je jednostavna i brza metoda za odredivanje vitamina B skupine dodanih u
uzorke Zitarica za dorucak.

Materijali i metode

Eksperimentalni dio istrazivanja je proveden u Podravki d.d. u Kontroli kvalitete u Centralnom
fizikalno kemijskom laboratoriju 2014. godine.

Materijali

Za istrazivanje se koristio uzorak referentnog materijala Breakfast Cereal T2186. KoriSteni su
standardi vitamina B,;, B¢, nikotinamida i nikotinske kiseline (Dr. EhrenstorferGmbH) i B,
(ChromaDex). Od ostalih materija koristeni su demineralizirana voda, otopina klorovodi¢ne kiseline
(c=0,1 mol/dm”), otopina natrijevog acetata (c=2,5 mol/dm®), 10% vodena otopina takadiastaze,
otopina kalijeva fericijanida (1% otopina u 15% natrijevom hidroksidu), izobutanol, filter papir crna
vrpea, filter poroziteta 0,45 um, ekspres lonac (kao autoklav), vodena kupelj s mogucénoséu
regulacije temperature, centrifuga.
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Za odredivanje vitamina koriStene su kolone obrnutih faza (C18), lampa za post-kolonsku
derivatizaciju (Black light tube 300-400 nm, 18 W, 230 V, Philips TL-D18W/08) i PTFE kapilara
(duljina 15 m, unutarnjeg promjera 0,5 mm), kromatografski sustav (pumpa, fluorescentni detektor,
autosampler proizvodaca Varian).

Analiza vitamina B skupine

Priprema standarda vitamina B, i Bg

Pripremi se pocetna otopina standarda vitamina B, i Bs u 0,1 mol/dm’ klorovodi¢noj kiselini
koncentracije 0,1 mg/cm’. Radna otopina standarda koncentracije 1 pg/cm’ priprema se s
demineraliziranom vodom.

Priprema standarda vitamina B,

Pripremi se po&etna otopina standarda vitamina B; u 0,1 mol/dm’ sumporovodi¢noj kiselini
koncentracije 0,15 mg/cm’. Pripremi se razrijedena otopina standarda s 0,1 mol/dm’
sumporovodi¢nom kiselinom koncentracije 1,5 pg/cm’. Za pripremu radne otopine standarda
provede se oksidacija kako je opisano u tocki postupku Priprema uzoraka za analizu vitamina B1.

Priprema standarda nikotinske kiseline i nikotinamida

Pripremi se po&etna otopina standarda nikotinske kiseline i nikotinamida koncentracije 1 mg/cm®.
Radna otopina standarda sadrzi 1 pg/cm’ nikotinske kiseline i 4 pg/cm’ nikotinamida.

Sve otopine standarda pripremaju se s demineraliziranom vodom.

Priprema uzoraka za analizu vitamina B,, Bg i niacina

Vaze se 1 g uzorka u kivetu od tamnosmedeg stakla. Doda se 10 ml otopine klorovodic¢ne kiseline
¢=0,1 mol/dm’. Kivete se postave u stalak posebno izraden za analizu vitamina B skupine. Uzorak
se autoklavira 30 minuta, hladi i pipetira se 8 ml demineralizirane vode, 8 ml otopine natrijeva
acetata ¢=2,5 mol/dm’, 2 ml 10 % vodene otopine takadiastaze, termostatira 30 minuta/40°C i
filtrira.

Priprema uzoraka za analizu vitamina B,

Za analizu vitamina B; 2 ml otopine uzorka dobivene za analizu vitamina B, i B¢ se oksidira i
ekstrahira u kiveti za centrifugu s 2 ml kalijevog fericijanida i 4 ml izobutanola. Sadrzaj se mijesa 2
minute, centrifugira 5 minuta na 3000 okretaja, a dobiveni izobutanolni sloj se koristi za injicranje.

HPLC analiza

Sadrzaj vitamina je odreden HPLC tehnikom uz reverzno faznu kolonu, fluorescentni detektor s
karakteristicnim valnim duljinama za odredivane vitamina a u slucaju niacina izmedu kolone i
detektora se dodatno postavi lampa za post-kolonsko UV zracenje oko koje je namotana PTFE
kapilara. Kromatografski uvjeti za analizu vitamina B, i Bs uklju¢uju mobilnu fazu koja se sastoji
od 150 ml acetonitrila i 850 ml otopine 1,62 g natrij oktansulfonata i 5,5 ml trietilamina otopljenog
u demineraliziranoj vodi uz podeSen pH 3 s o-fosfornom kiselinom. Postavljeni protok je 1,5
ml/min, a valne duljine ekscitacije i emisije za vitamin B, su 422 nm i 525 nm, te za B4 300 nm i
400 nm.
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Mobilna faza za vitamin B; sastoji se od 600 ml metanola pomije$anog s demineraliziranom vodom
uz dodatak 10% octene kiseline i 5 ml 40% vodene otopine tetrabutilamonij hidroksida. Protok je
1,5 ml/min, a valne duljine ekscitacije i emisije za vitamin B; su 375 nm i 435 nm.

Mobilna faza za niacin sastoji se od 4,77 g kalijevog dihidrogen fosfata otopljenog u
demineraliziranoj vodi uz dodatak 0,5 ml otopine bakrovog sulfata pentahidrata ¢=0,005 ml/dm” i
3,8 ml 30 % vodikovog peroksida, te se dopuni do 500 ml demineraliziranom vodom. Protok je 2,0
ml/min, a valne duljine ekscitacije i emisije za niacin su 322 nm i 380 nm. Separacija svih vitamina
je provedena pri sobnoj temperaturi, a injicirani volumen uzoraka je 20 pl.

Statisticka obrada

Rezultati vitamina su kvantificirani primjenom Star kromatografskog Softwarea (Varian Star Ver.
6.41). Linearnost je izracunata Software-om. Rezultati su obradeni primjenom programa Microsoft
Excel. Koli¢ina svakog vitamina je izraZzena u mg/100 g uzorka. Rezultati su izrazeni kao srednja
vrijednost sadrZaja vitamina u mg/100 g i z-vrijednost.

Rezultati i rasprava

Rezultati analize vitamina B, B, B4 1 niacina dobiveni optimiziranom metodom su prikazani u
Tablici 1. 1 na Slikama 1. - 4. Odvage uzorka referentnog materijala su smanjene s 5 - 10 grama,
koje preporucuju normirane metode, na 1 gram. Volumeni koristenih otapala su takoder smanjeni 5
puta. Vrijednosti vitamina B;, B,, B¢ i niacina izrazene u mg/100 g i dobivene u referentnom
materijalu Zitarica za dorucak, s obzirom na vrijeme trajanja autoklaviranja prikazane su u Tablici 1.
Analiza uzorka referentnog materijala provedena je pri razliCitoj duljini trajanja vremena
autoklaviranja i to 3 puta pri vremenu od 5 i 15 minuta, 4 puta pri vremenu 10 minuta, te 1 put pri
vremenu 30 minuta. Ciljana vrijednost sadrzaja vitamina B; u uzorku referentnog materijala je 1,32
mg/100 g. Iz Tablice 1. vidljiva je dobivena srednja vrijednost sadrzaja vitamina B optimizacijom
metode koja je nakon 5 minuta iznosila 1,22 mg/100 g, nakon 10 minuta 1,23 mg/100 g, nakon 15
minuta 1,27 mg/100 g i nakon 30 minuta autoklaviranja 1,28 mg/100 g. Tablica prikazuje i srednje
z-vrijednosti vitamina B; od - 0,7 nakon 5 minuta autoklaviranja do - 0,3 nakon 15 i 30 minuta
autoklaviranja.

Slika 1. prikazuje z-vrijednosti vitamina B u referentnom materijalu nakon provedene optimizacije.
Raspon z-vrijednosti je od - 0,9 za drugu probu uzorka nakon 10 minuta autoklaviranja do - 0,2 za
tre¢u probu uzorka nakon 15 minuta autoklaviranja.

Tablica 1. prikazuje i vrijednosti vitamina B, izrazene u mg/100 g dobivene u referentnom
materijalu Zitarica za doruak s obzirom na vrijeme trajanja autoklaviranja. Ciljana vrijednost
sadrzaja vitamina B, u uzorku referentnog materijala je 1,47 mg/100 g. Nakon provedene
optimizacije metode dobiveni su sli¢ni rezultati. Iz Tablice 1. vidljiva je dobivena srednja vrijednost
sadrzaja vitamina B, koja je nakon 5 minuta iznosila 1,42 mg/100 g, nakon 10 minuta 1,41 mg/100
g, 1,43 mg/100 g nakon 15 minuta i 1,45 mg/100 g nakon 30 minuta autoklaviranja. Srednje z-
vrijednosti vitamina B, su od - 0,3 nakon 5, 10 i 15 minuta autoklaviranja do - 0,1 nakon 30 minuta
autoklaviranja.
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Slika 1. z-vrijednosti vitamina B; u referentnom materijalu Zitarica za dorucak
dobivene optimiziranom metodom
Fig. 1. z-scores of vitamin B, in breakfast cereals reference material obtained
with optimized method
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Slika 2. z-vrijednosti vitamina B, u referentnom materijalu Zitarica za doru¢ak

dobivene optimiziranom metodom
Fig. 2. z-scores of vitamin B, in breakfast cereals reference materialobtained with optimized method

Slika 2. prikazuje z-vrijednosti vitamina B, u referentnom materijalu nakon provedene optimizacije.
Raspon z-vrijednosti je od - 0,4 za trecu probu uzorka nakon 10 minuta autoklaviranja do - 0,1 za
probu uzorka nakon 30 minuta autoklaviranja. Vrijednosti vitamina By izrazene u mg/100 g i
dobivene u referentnom materijalu zitarica za dorucak s obzirom na vrijeme trajanja autoklaviranja
prikazane su takoder u Tablici 1. Ciljana vrijednost sadrzaja vitamina B¢ u uzorku referentnog
materijala je 2,69 mg/100 g. Nakon provedene optimizacije metode dobiveni su sli¢ni rezultati. 1z
Tablice 1. vidljiva je dobivena srednja vrijednost sadrzaja vitamina Bg koja je nakon 5 minuta
iznosila 2,31 mg/100 g, nakon 10 minuta 2,37 mg/100 g, 2,33 mg/100 g nakon 15 minuta i 2,57
mg/100 g nakon 30 minuta autoklaviranja. Srednje z-vrijednosti vitamina B4 krecu se u rasponu od -
1,4 nakon 5 i 15 minuta autoklaviranja do - 0,5 nakon 30 minuta autoklaviranja, $to je vidljivo iz
Tablice 1.
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Tablica 1. Srednje vrijednosti vitamina B;, B,, B¢ i niacina u mg/100 g dobivene u referentnom
materijalu Zitarica za doruCak s obzirom na vrijeme (min) trajanja autoklaviranja i njihove z-

vrijednosti.
Table 1. Mean values of vitamin B;, B,, B¢ and niacin (mg/100 g) obtained in breakfast cereals
reference material regarding to autoclaving time (min) and their z-scores.

Vrijeme . - . .
Al | awoklavianas | SORE SR DR e |
Analyte Autoclaving - L L
time Mean value Assigned value Lower limit | Upper limit
5 1,22 1,32 1,03 1,61 -0,7
10 1,23 1,32 1,03 1,61 -0,6
Bi 15 1,27 1,32 1,03 1,61 -0,3
30 1,28 1,32 1,03 1,61 -0,3
5 1,42 1,47 1,16 1,79 -0,3
B, 10 1,41 1,47 1,16 1,79 -0,3
15 1,43 1,47 1,16 1,79 -0,3
30 1,45 1,47 1,16 1,79 -0,1
5 2,31 2,69 2,16 3,21 -1,4
10 2,37 2,69 2,16 3,21 -1,2
Bs 15 2,33 2,69 2,16 3,21 -1,4
30 2,57 2,69 2,16 3,21 -0,5
5 14,54 15,30 13,00 17,60 -0,7
L 10 13,91 15,30 13,00 17,60 -1,2
Niacin
15 14,26 15,30 13,00 17,60 -0,9
30 16,12 15,30 13,00 17,60 0,7

Slika 3. prikazuje z-vrijednosti vitamina B4 u referentnom materijalu nakon provedene optimizacije.
Raspon z-vrijednosti je od - 1,6 za trec¢u probu uzorka nakon 5 minuta autoklaviranja do - 0,5 za
probu uzorka nakon 30 minuta autoklaviranja.

Tablica 1. prikazuje i vrijednosti niacina izrazene u mg/100 g dobivene u referentnom materijalu
zitarica za dorucak s obzirom na vrijeme trajanja autoklaviranja. Ciljana vrijednost sadrZaja niacina
u uzorku referentnog materijala je 15,30 mg/100 g. Nakon provedene optimizacije metode dobiveni
su sli¢ni rezultati. Iz Tablice 1. vidljiva je dobivena srednja vrijednost sadrzaja niacina koja je nakon
5 minuta iznosila 14,54 mg/100 g, nakon 10 minuta 13,91 mg/100 g, 14,26 mg/100 g nakon 15
minuta 1 16,12 mg/100 g nakon 30 minuta autoklaviranja, dok su se srednje z-vrijednosti niacina
kretale u rasponu od - 1,2 nakon 10 minuta autoklaviranja do 0,7 nakon 30 minuta autoklaviranja.
Slika 4. prikazuje z-vrijednosti niacina u referentnom materijalu nakon provedene optimizacije.
Raspon z-vrijednosti je od - 1,8 za Cetvrtu probu uzorka nakon 10 minuta autoklaviranja do 0,7 za
probu uzorka nakon 30 minuta autoklaviranja.
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Slika 3. z-vrijednosti vitamina Bg u referentnom materijalu Zitarica za dorucak
dobivene optimiziranom metodom
Fig. 3. z-scores of vitamin Bg in breakfast cereals reference material obtained
with optimized method
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Slika 4. z-vrijednosti niacina u referentnom materijalu Zitarica za doru¢ak
dobivene optimiziranom metodom
Fig. 4. z-scores of niacin in breakfast cereals reference material obtained with optimized method

Tablica 2. prikazuje rezultate p-testa iz 2015. godine na uzorku zitarica za dorucak u kojem je
sudjelovao Centralni-fizikalno kemijski laboratorij. Iz Tablice 2. je vidljivo da je ciljana vrijednost
vitamina B, iznosila 1,18 mg/100 g, za vitamin B, 1,77 mg/100 g, vitamin B¢ 2,01 i za niacin 18,20
mg/100 g. Nakon optimizacije procesa, koji je osim smanjenja odvage uzorka i volumena koriStenih
otapala ukljucio i skracenje vremena autoklaviranja na 10 minuta, dobiveni su sljede¢i rezultati:
vitamin B; 1,09 mg/100 g, B, 1,73 mg/100 g, B 1,98 mg/100 g i niacin 17,50 mg/100 g. Njihove z-
vrijednosti su redom - 0,7; - 0,2; - 0,11-0,5.

Tablica 3. prikazuje z-vrijednost akreditiranih, neakreditiranih i nerazvrstanih laboratorija za uzorak
referentnog materijala zitarica za dorucak 2015. godine.

31



International Conference 16th RuZi¢ka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Kemijska analiza i sinteza / Chemical Analysis and Synthesis

Tablica 2. Rezultati p-testa 2015. godine, uzorak Zitarice za doru¢ak
Table 2. Results of p-test from 2015 in breakfast cereals reference material

Vrijeme . - . .
Analit/ autoklejwiranj a/ Srednja Ciljana Donja Gornja
Analvte Autoclavin vrijednost/ vrijednost/ granica/ granica/ z
y time g Mean value | Assigned value | Lower limit | Upper limit
B, 10 1,09 1,18 0,92 1,44 -0,7
B, 10 1,73 1,77 1,40 2,13 -0,2
Bg 10 1,98 2,01 1,60 2,42 -0,1
Niacin 10 17,50 18,20 15,50 20,80 -0,5

Tablica 3. z-vrijednost akreditiranih, neakreditiranih i nerazvrstanih laboratorija za uzorak
referentnog materijala zitarica za doruc¢ak 2015. godine

Table 3. z-values of accredited, non-accredited and non-classified laboratories in breakfast cereals
reference material from 2015

Analit/ Akreditiran/ Neakreditiran/ Nerazvrstan/
Analyte z Accredited Non-accredited Non-classified
|z] <2 22 8 11
B, 2 |z |>2 4 2 9
|Z]<2 (%) 39,29 14,29 19,64
*|z]>2 %) 7,14 3,57 16,07
|z] <2 22 7 17
|z |>2 3 2 4
B, 2|z|<2 %) 40,00 12,73 30,91
2|z |>2 (%) 5,45 3,64 7,27
|z] <2 14 5 9
B |z |>2 6 1 5
|z]<2 %) 35 12,5 225
2|z |>2 (%) 15 2,5 12,5
|z| <2 16 3 11
. |z |>2 2 4 3
Niacin |z]<2%) 41,03 7,69 28,21
2|z |>2 (%) 513 10,26 7,69

*Udio laboratorija / Laboratory percentage
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1z Tablice 3. je vidljiv ukupan broj laboratorija koji su sudjelovali u p-testu, a koji je iznosio redom
56, 55, 40 i 39 za vitamine B;, B,, B¢ i1 niacin. Centralni-fizikalno kemijski laboratorij nije
akreditirani laboratorij, no unato¢ tome vanjska ocjena kvalitete rezultata ispitivanja dokazana je
sudjelovanjem u testovima sposobnosti $to je vidljivo iz ranije spomenute Tablice 2. Od 10
neakreditiranih laboratorija koji su prijavili rezultate za vitamin By, 8 tj. 14,29 % je imalo z-
vrijednost < 2. Nadalje, 9 neakreditiranih laboratorija koji su prijavili rezultate za vitamin B,, 7 tj.
12,73 % je imalo z-vrijednost < 2. Od 6 neakreditiranih laboratorija koji su prijavili rezultate za
vitamin Bg, 5 tj. 12,5 % je imalo z-vrijednost < 2, a od 7 neakreditiranih laboratorija koji su prijavili
rezultate za niacin, 3 tj. 7,69 % je imalo z-vrijednost < 2.

Tablica 4. Ponovljivost pripreme uzorka (%RSD), ponovljivost injiciranja uzorka (%RSD) i to¢nost
(%) na referentnom materijalu Zitarica za doru¢ak

Table 4. Repeatability of breakfast cereals referece material sample preparation (%RSD), sample
injection (%RSD) and trueness (%)

Parametar/Parameter
Preciznost/Precision
Analit/Analyte Ponovljivost pripreme | Ponovljivost injiicranja To&nost/ z
uzorka RM!/ uzorka RM'/ Trueness
g 1 age 1
Repeatability of RM Repeatability of RM
sample preparation sample injection
Kriterij
prihvatljivosti/ < < i
B, Acceptability <7.3 <5 80-110 0,9
criterion
Rezultat/Result 1,91 0,92 89,9
Kriterij
prihvatljivosti/ < < i
B, Acceptability <7.3 <5 80-110 05
criterion
Rezultat/Result 1,76 2,67 95,1
Kriterij
prihvatljivosti/ )
B, Acceptability <73 <5 80-110 14
criterion
Rezultat/Result 2,01 1,32 92,0
Kriterij
o prthaﬂ_]lY(_)Stl/ <53 <5 20-110
Niacin | Acceptability 0,1
criterion
Rezultat/Result 3,58 / 101,1

'RM — referentni materijal/reference material
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Tablica 4. prikazuje vrijednosti parametara preciznosti i to¢nosti vitamina B;, B,, By i niacina
dobivene nakon provedene optimizacije metode kao i dobivenu z-vrijednost. Ispitivanje parametara
preciznosti provedeno je ispitivanjem ponovljivosti pripreme uzoraka referentnog materijala i
ponovljivosti injiciranja uzoraka referentnog materijala. Otopine uzoraka pripremljene su u osam
proba prema uputama opisanim u metodi odredivanja.

U Tablici 4. su navedeni kriteriji prihvatljivosti i dobiveni rezultati za svaki vitamin. RSD
ponovljivost pripreme uzorka referentnog materijala iznosi za vitamin By 1,91 % , za vitamin B,
1,76 % , za vitamin B¢ 2,01 % i za niacin 3,58 %. Za odredivanje ponovljivosti injiciranja uzorak je
injiciran osam puta. RSD ponovljivosti injiciranja uzorka referentnog materijala iznosi 0,92 % za
vitamin By, 2,67 % za vitamin B,, 1,32 % za vitamin B¢ dok za niacin nije odredena. Navedeno je u
skladu s postavljenim kriterijima prihvatljivosti. To¢nost je odredena pripremom uzorka referentnog
materijala Zitarica za doru¢ak prema opisanoj metodi u osam paralela. To¢nost za vitamin By iznosi
89,9 %, za vitamin B, 95,1 %, vitamin B4 92,0 % i za niacin 101,1 %. Dobivena to¢nost je u skladu
s postavljenim kriterijima prihvatljivosti. Dobivene z-vrijednosti za vitamin B, vitamin B,, vitamin
Bg 1 niacin redom iznose - 0,9; - 0,5; - 1,41 0,1.

Zakljuéci

Provedenim ispitivanjem dobiveni su sljedeci zakljucci:

Smanjenje odvage uzorka referentnog materijala zitarica za dorucak i volumena koristenih otapala
nisu utjecali na rezultat dobiven optimiziranom metodom.

Vrijeme trajanja autoklaviranja nije bitno utjecalo na rezultate ispitivanja.

Relativne standardne devijacije za ponovljivost pripreme uzorka, ponovljivost pripreme standarda i
ponovljivosti injiciranja ukazuju da je preciznost analitiCkog mjerenja zadovoljavajuca.

Iskoristenja metode dobivena analizom referentnog materijala potvrduju to¢nost primijenjene
optimizirane metode.

Vanjska ocjena kvalitete rezultata ispitivanja dokazana je sudjelovanjem u testovima sposobnosti.
Optimizirana metoda omogucila je obradu veéeg broja uzoraka u istom vremenu uz manji utrosak
materijala §to je pozitivno utjecalo na efikasnost rada laboratorija.
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Science note

Optimization of HPLC method for determination of vitamin content

.. S E e X .1 .2 . . 1
Valerija Bukvi¢' , Suncica Coklica’, Darko Kantoci, Jasmina Ranilovi¢',
Vesna Popija¢', Tanja Paveli'

'Podravka d.d., A. Starceviéa 32, 48 000 Koprivnica, Croatia
2ValDar International, 1731 SE 15th Street, Suite 408, Fort Lauderdale, FL 33316, USA
Corresponding author: valerija.bukvic@podravka.hr

Summary

Vitamins are biologically active components that help maintain health and regulates growth and
development of the organism. Since the food enriched with vitamins is of great importance for the
laboratories of food business operators, their detection and quantification is important.
The aim of the research is to optimize the method for determination of added vitamin B group in
breakfast cereal reference material.

Principle of the method is the acid hydrolysis vitamin extraction, and the content was determined
using high performance liquid chromatography (HPLC) with a reverse phase column and a
fluorescent detector. For vitamin B, is further conducted the oxidation into thiochrome with
isobutanol, and for niacin post-column derivatization with UV irradiation in the presence of copper
(IT) ions and hydrogen peroxide. Optimization included variation of autoclaving time (5, 10, 15, 30
minutes), sample weight reduction and solvent volume reduction. This paper developed a simple
and rapid method for determination of vitamin B group in breakfast cereal samples. The optimized
method was validated with respect to linearity, precision and accuracy, and external evaluation of
test results quality was proven by participation in Proficiency tests. Conducted method for
determination of vitamin B group had positive effects on the efficiency of the laboratory.

Keywords: vitamin B group, optimized method, proficiency tests
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Pregledni rad

Primjena antiretrovirusne terapije u lijeCenju infekcija uzrokovanih
virusom HIV-om

Jelena Klenkar”

Sveuciliste J. J. Strossmayera u Osijeku, Prehrambeno-tehnoloski fakultet Osijek,
Franje Kuhaca 20, 31 000 Osijek, Hrvatska
Dopisni autor: jelena.klenkar@gmail.com

Sazetak

Poznato je ve¢ nekoliko desetljeca da je uzroc¢nik SIDE tj. sindroma steCene imunonedostatnosti
(engl. AIDS-acquired immunodeficiency syndrom) virus humane imunonedostatnosti (engl. HIV-
Human immunodeficiency virus). Od tada pa do danas razvijeno je vise lijekova za HIV infekcije
nego za sve ostale virusne infekcije zajedno. Anti -HIV lijekovi ubrajaju se u razli¢ite kategorije
ovisno o fazi zivotnog ciklusa HIV-a koju inhibiraju; nukleozidni inhibitori reverzne transkriptaze
(NRTTI: zidovudin, didanozin, zalcitabin, stavudin, lamivudin, abacavir i emtricitabin); nukleotidni
inhibitori reverzne transkriptaze (NtRTI: tenofovir), nenukleozidni inhibitori reverzne transkriptaze
(NNRTI: nevirapin, delavirdin, efavirenz i etravirin), inhibitori proteaze (PI: sakvinavir, ritonavir,
indinavir, nelfinavir, amprenavir, lopinavir, atazanavir, fosamprenavir, tiprinavir i darunavir),
inhibitori ulaska u stanicu domacina (fuzijski inhibitori (FI: enfuvirtid) i koreceptorski inhibitori
(CRI: maraviroc)) i inhibitori integraze (INI: raltegravir). Kako bi se postigli $to bolji rezultati,
poboljsala tolerantnost na lijek i smanjila pojava rezistentnosti na lijek, danas se koristi
visokoucinkovita antiretrovirusna terapija tzv. HAART terapija, koja koristi kombinaciju 2, 3 ili
vise lijekova koji inhibiraju razlicite faze u replikaciji virusa HIV-a.

Kljucne rijeci: virus HIV-a, anti-HIV lijekovi, HAART terapija
Uvod

Virus HIV-a (engl. HIV - Human immunodeficiency virus) prvi put su izolirali 1983. godine
istrazivaci s Pasteurovog instituta u Parizu iz bioptata limfnog ¢vora bolesnika i nazvali ga virus
udruzen s limfadenopatijom (LAV, fr. Lymphadénopathie associé virus). 1984. god. identi¢an je
virus dokazan i u SAD-u te nazvan ljudskim virusom leukemije T-limfocita (HTLV, engl. Human
T-cell leukemia virus). Od 1986. koristi se isklju¢ivo naziv virus ljudske imunodeficijencije (HIV,
engl. Human immunodeficiency virus) (Planini¢, 2014).

AIDS i infekcije uzrokovane HIV-om predstavljaju globalni zdravstveni problem; kompleksnu
znanstvenu “puzzlu” za otkrivanje novih lijekova i cjepiva. Prvi puta zabiljezena 1981. na malom
broju pacijenata, AIDS je danas poprimila razmjere epidemije sa vise od 38 milijuna inficiranih
ljudi diljem svijeta, ukljucujuc¢i oko 1 milijun u SAD-u, oko 580 000 u zapadnoj Europi i vise od 25
milijuna ljudi u subsaharskom podruc¢ju Afrike (Pommier i sur., 2005).

Zivotni ciklus virusa humane imunodeficijencije (HIV)
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Virus HIV-a se najcesée prenosi parenteralnim ili spolnim putem. Prvi korak ukljuCuje vezanje
(adsorpcija) HIV-a za ciljne stanice u limfnim ¢vorovima, gdje se replicira i uzrokuje kroni¢ne
infekcije (Palmisano i Vella, 2011). Infekcija HIV-om zapocinje vezanjem virusnog glikoproteina
gp120 za molekulu CD4 na membrani ciljne stanice. Molekula CD4 je eksprimirana na membrani
T-limfocita, monocita, dendritickih stanica i stanica mikroglije i primarni je stanini receptor za
HIV (Planini¢, 2014). Vezanje na CD4 proteine dovodi do konformacijskih promjena u
glikoproteinu gp 120, neki od tih promjena formiraju aktivno mjesto za specificne kemokin
receptore. Ti kemokin receptori (najces¢i su CCRS i CXCR4), su sekundarni receptori potrebni za
fuziju virusa HIV-a u stanicu. V3-petlja u glikoproteinu gp 120 odreduje specifi¢nost kemokin
receptora (Kwong i sur., 1998). Glikoprotein gp 120 ima 11 definiranih petlji, pri ¢emu je pet
varijabilnih (V1-V5) (De Clercq, 2002). Uporaba kemokinskih koreceptora CCRS i/ili CXCR4 za
ulazak HIV-a u stanicu naziva se koreceptorskim tropizmom virusa (Planini¢, 2014). Sojevi HIV-a
koji koriste koreceptor CCRS nazivaju se R5-virusima ili M-trofiéni virusi, a sojevi virusa koji
koriste CXCR4 nazivaju se X4- virusi ili T-trofi¢ni virusi. CXCR4 i CCRS prirodni su receptori za
CXC kemokine (SDF1 -engl. stromal cell-derved factor 1) i C-C kemokine (RANTES -engl.
regulated upon activation, normal T-cell expressed and secreted i MIP1 -engl. macrophage
inflamatory protein 1) (De Clercq, 2002). Opcenito, RS5-virusi inficiraju makrofage i T- stanice, a
karakterizira ih manje agresivan rast in vitro. X4-virusi inficiraju samo T- stanice, a njihov rast
invitro karakterizira visoki virusni titar i prisutnost tzv. sincicijskih stanica, koje nastaju spajanjem
veceg broja inficiranih stanica, te ih mozemo vidjeti
svjetlosnim mikroskopom (Shehu-Xhilaga i Oelrichs,
reverzna transkriptaza 2009). Nakon $to se gp 120 HIV-a veze za molekulu

proteinska ovojnica

jezgra kapside

adsorpcija virusa

> CD4 i koreceptor, konformacijska promjena u gp 41
4 ulazak virusa u stanieu (fuziia)  Uzrokuje umetanje N-terminalnog hidrofobnog dijela
receptorski LD “a g5 peptida u membranu ciljane stanice. Ovo umetanje
broteimi e 2@ - uzrokuje fuziju membrane i ulazak virusnih &estica u
o4 odbacivanje . .. Cewg . .. .
e citoplazmu. Proces fuzije kriticki ovisi o interakciji
DA O izmedu N- i C-terminalnog dijela gp 41 u
/ o e =y izvanstaniénom prostoru (Shehu-Xhilaga 1 Oelrichs,
NG 2009).. Ngkon fuzije, prvo dolazi do reverzne
transkrinciia transkripcije RNA u u jednolan¢anu DNA, zatim u
tﬂ dvolanc¢anu DNA. Ova dva koraka katalizirana su
\ F—— pomocu virusne reverzne transkriptaze. Dvolancana
! —_—— - DNA kako bi mogla biti aktivno transportirana u

N reacie : : - :
poteoio JG jezgru, 'fcr)'rmnra 'kompleks sa protelr}lma virusa
proteaiza vinisnom, (ukljucujuéi matriks, integrazu i Vpr) i proteinima

proteazom . . . . .
P - stanice domacina (Shehu-Xhilaga i Oelrichs, 2009).
st W 2 ( ¢ :
l' pupanje
g% o Slika 1. Zivotni ciklus virusa HIV-a
%ﬁg e Fig. 1. The HIV life cycle (De Clercq, 2002)
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Zatim je integrirana pomocu virusne integraze u genom stanice domacina ili formira stabilne DNA
krugove. Integrirani oblik HIV poznat je kao provirus. Provirusna DNA se replicira zajedno sa
normalnim dijelom stani¢nog genoma i moZze ostati u integriranom obliku duZzi period (Shehu-
Xhilaga i Oelrichs, 2009).

Antiretrovirusna terapija

Primjena antiretrovirusne terapije zapocela je 1984. godine otkricem suramina, lijeka koji se
koristio u terapiji tripanosomijaze i onkocerkoze. Suramin, iako se pokazao djelotvoran u inhibiciji
reverzne transkriptaze velikog broja retrovirusa, zbog svoje pretoksicnosti vise se ne koristi u
antiretrovirusnoj terapiji. Razvijeni su novi manje toksi¢ni i djelotvorniji inhibitori reverzne
transkriptaze, analozi 2,3 -dideoksinukleozida (ddN) (De Clercq, 2005). Prvi ddN analozi, Ce$¢i
naziv nukleozidni inhibitori reverzne transkriptaze (NRTI) bili su 3’-azido-3’-deoksitimin (AZT),
2'3’-dideoksiinozin (ddl), 2°3’- didehidrotimidine(d4T), kasnije spojen u (-) 3’-tia- 2", 3’-
dideoksicitidine (3TC), abacavir (ABC) i emtricitabin ((-)FTC). Od ddN analoga , AZT (zidovudin)
je bio prvi lijek odobren za klini¢ku upotrebu u terapiju AIDS-a, te unato¢ toksi¢nosti (toksi¢no
djeluje na kostanu srz) i dalje se danas koristi u kombinaciji sa ostalim HIV lijekovima (De Clercq,
2005). U samim pocecima traZzenja anti HIV lijeka, bilo je tesko predvidjeti da ¢e do 2008. godine
25 godina nakon $to je virus HIV-a otkriven biti dostupno 25 anti HIV lijekova odobrenih za
klinicku upotrebu. Ti lijekovi ubrajaju se u razliCite kategorije ovisno o fazi zivotnog ciklusa HIV-a
koju inhibiraju (De Clercq, 2009).

Inhibitori fuzije

Virusi sa ovojnicom, u pravilu ulaze u stanicu procesom fuzije virusne ovojnice i membrane
stani¢ne plazme. Ovaj proces sliCan je za sve viruse sa ovojnicom, kao $to su retrovirusi,
paramiksovirusi i herpesvirusi. Medutim, kod HIV-a prije fuzije dolazi do interakcije glikoproteina
gp 120 sa koreceptorima na stanici domacina- kemokin pokretacki receptor 4 (CXCR4) ili kemokin
pokretacki receptor 5 (CCRS) (De Clercq, 2002).
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Slika 2. Koreceptorski inhibitori
Fig. 2. Coreceptor inhibitors (De Clercq, 2002)
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Antagonisti CXCR4 i CCRS5 blokiraju odgovarajuéi koreceptor, te sprjecavaju ulazak HIV-a u
stanicu (De Clercq, 2002). Najistaknutiji medu antagonistima CXCR4 je biciklam AMD 3100, dok
TAK779 ima najbolje djelovanje kao antagonist CCRS5 (De Clercq, 2002). AMD-3100 moze
sprijeciti samo replikaciju X4- virusa ili sojeve dvojnog tropizma X4/R5 virusa HIV-a (De Clercq,
2005). U 2007. godini je odobren je za klini¢ku upotrebu jedini koreceptorski inhibitor maravirok,
koji je antagonist CCRS (De Clercq, 2009). Kako bi se osigurala maksimalna pokrivenost oba soja
(X4 i RS5), trebaju biti razvijeni antagonisti koji djeluju protiv oba soja virusa HIV-a ili kombinirati
antagoniste CCRS5 i antagoniste CXCR4 (De Clercq, 2002).

AMD-3451, analog N-piridinilmetila pokazao je antivirusnu aktivnost na R5, R5/X4 i X4 sojevima
HIV-a. Ovaj antagonist inhibira signalizaciju unutarstani¢nog Ca®" koja je inducirana ligandom
CXCL12 kemokin receptora CXCR4 , te ligandima CCL5, CCL3 i CCl4 kemokin receptora CCRS,
te se moze smatrati dvojnim antagonistom (De Clercq, 2005).

Fuzijski inhibitori vezu se za gp 41, te sprjeavaju konformacijsku promjenu gp 41 pri ¢emu
blokiraju infekciju (Matthews 1 sur., 2004). Nakon adsorpcije virusa na CD4 receptore,
konformacijska promjena u gp 120 omoguéava vezanje na koreceptore CCRS i CXCR4, dok
konformacijska promjena u gp41 omogucava umetanje hidrofobnih dijelova N-terminalnog kraja u
membranu stanice domacéina. HR2 podruéje gp 41 se zatim savija i povezuje sa HR1 podru¢jem
gp41. Ovaj proces (engl. gp 41 zipping) dovodi do fuzije virusne i stanicne membrane (Matthews i
sur., 2004).

Adsorpcija virusa
HIV-a

Fuzija virusa
HIV-a

Inhibicija fuzije

Slika 3. Mehanizam djelovanja fuzijskog inhibitora enfuvirtida
Fig. 3. Mechanisam of action of fusion inhibitor enfuvirtide (Matthews i sur., 2004)
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Prvi sinteticki peptid DP-107 koji se koristio kao fuzijski inhibitor sadrzavao je 38 amino kiselina
koje odgovaraju aminokiselinama N terminalnog podruc¢ja gp 41. Substitucijom amino kiselina i
kemijskom modifikacijom u DP-107 doslo je do destabilizacije sekundarne strukture i znacajnog
smanjenja njegove antivirusne aktivnosti (Matthews i sur., 2004). Peptid koji sadrzi 36 amino
kiselina DP-178, kasnije nazvan enfuvirtid (Fuzeon, prijasnji naziv T-20) oponasa C terminalni kraj
gp 41 i 100 puta je djelotvorniji od DP-107 (Matthews i sur., 2004). Enfuvirtid se za razliku od
ostalih antiretrovirusnih lijekova, ne primjenjuje u oralnom obliku, ve¢ u obliku injekcija supkutano
(pod kozu) (Mohanty i Dixit, 2008). Enfuvirtide je trenutno jedini dostupan fuzijski inhibitor za
lijecenje infekcija HIV-om (De Clercq, 2009).

Inhibitori reverzne transkriptaze

Reverzna transkriptaza (RT) je esencijalan enzim u replikativnom ciklusu retrovirusa, kao Sto je
HIV. Upravo zbog toga §to je esencijalna samo za replikaciju HIV-a, tj. nije potrebna za
metabolizam stanice domacina, zanimljiva je meta djelovanja antiretrovirusnih lijekova. Reverzna
transkriptaza HIV-a je meta djelovanja tri vrste inhibitora: nukleozidni inhibitori reverzne
transkriptaze (NRTI), nukleotidni inhibitori reverzne transkriptaze (NtRTI) i nenukleozidni
inhibitori reverzne transkriptaze (NNRTI) (De Clercq, 2009).

Nukleozidni inhibitori reverzne transkriptaze (NRTI)

NRTI pokazuju svoje anti -HIV djelovanje, tako $to inhibiraju aktivnost HIV reverzne transkriptaze.
Kako bi djelovali, moraju biti fosforilirani pomoc¢u kinaza stanice domacina do trifosfata. Nakon
fosforilacije,pomoéu DNA polimeraze ugraduju se u rastu¢i DNA lanac. Zbog nedostatka OH
skupine u polozaju 3’, onemogucavaju daljnju ugradnju nukleotida, te zaustavljaju rast DNA lanca
(Mehellou, De Clercq, 2009). Trenutno je odobreno (2008. god.) sedam NRTI za lije¢enje HIV
infekcija: zidovudin (AZT), didanozin (ddl), zalcitabin (ddC), stavudin (d4T), lamivudin (3TC),
abacavir (ABC) i emtricitabin ((-)FTC) (De Clercq, 2009). Svi ovi dideoksinukleozidni analozi
(ddN) djeluju sli¢no kao AZT. Moraju biti fosforilirani unutar stanice domaéina pomocu tri stani¢ne
kinaze; nukleozidne kinaze (NDP), nukleozidne 5 -monofosfat kinaze i nukleozid 5’-difosfat kinaze
kako bi nastao 5'-trifosfat derivat, koji tijekom reverzne transkripcije (RNA—DNA) zaustavlja rast
DNA lanca (De Clercq, 2002).

Nukleotidni inhibitori reverzne transkriptaze (NtRTI)

Nukleotidni inhibitori reverzne transkriptaze (NtRTI) razlikuju se od nukleozidnih inhibitora
reverzne transkriptaze (NRTI) u tome Sto NtRTI trebaju samo dva stupnja fosforilacije kako bi
postali aktivni (De Clercq E., 2009). Sto je najvaznije, sadrze fosfonatnu grupu koju esteraza ne
moze odcjepiti, te jednom kada se ugrade u 3 terminalni kraj lanca DNA, tesko se otcjepe za razliku
od regularnih nukleotida (npr. ddAMP, ddCMP) (De Clercq, 2009). Prototip NtRTI tenofovir ((R)9
—(2-fosfonometoksi propil) adenin) prvi puta je opisan 1993. godine (De Clercq, 2009). Tenofovir
(PMPA) je analog nukleotida koji pripada aciklickim nukleozidnim fosfonatima. Tenofovir se
unutar stanice metabolizira u aktivni metabolit, tenofovir difosfat, koji je kompetitivni inhibitor
HIV-1 reverzne transkriptaze, te zaustavlja rast DNA lanca (Barditch-Cruovo i sur., 2001).
Medutim, tenofovir je pokazao loSu bioraspolozivost, stoga je razvijen njegov prolijek tenofovir
dizoproksil fumarat (Barditch-Cruovo i sur., 2001). Tenofovir dizoproksil fumarat (TDF) je
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najCesce prepisani lijek za lijeCenje HIV infekcija. Od 2008. godine je odobren i za lijeCenje
kroni¢nih infekcija uzrokovanih hepatitisom B (De Clercq, 2009).
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Slika 4. Strukture nukleozidnih inhibitora reverzne transkriptaze (NRTI)
Fig. 4. Structure of nucleoside reverse transcriptase inhibitors (De Clercq, 2009)
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Slika 5. Struktura tenofovira i njegovog prolijeka tenofovir dizoproksil fumarata (TDF)
Fig. 5. Structure of tenofovir and his prodrug tenofovir disoproxil fumarate (De Clercq, 2009)

Nenukleozidni inhibitori reverzne transkriptaze (NNRTI)

NNRTI su nekompetitivni inhibitori HIV- reverzne transkriptaze, tj. veZu se na alosteri¢ko mjesto u
blizini (~15 A) aktivnog mjesta reverzne transkriptaze (Mehellou, De Clercq, 2009). Alostericko
mjesto ne postoji u reverznoj transkriptazi koja ne sadrzi ligand, te postoji jedino u reverznoj
transkriptazi HIV-1. Stoga samo reverzna transkriptaza HIV-1 posjeduje vezna mjesta za NNRTIL.
Vezanje NNRTI za alostericko mjesto ukljucuje interakcije sa aromatskim amino kiselinama Y181,
Y188, W229 i Y318, elektrostatske interakcije sa K101, K103 i E138, van der Waalsove interakcije
sa L100, V106, Y181, G190, W229, 1.234 i Y318 i medusobno povezivanje vodikovim vezama sa
peptidnom vezom glavnim lanca (De Clercq, 2002).

Primjena NNRTI zapocela je otkricem 1-[(2-hidroksietoksi)metil]-6-(fenilsulfanil) timin (HEPT) i
4,5,6,7-tetrahidroimidazo [4,5,1-jk] [1,4]benzodiazepin-2(1H)-on i —tione (TIBO), kao specifi¢nih
inhibitora HIV-1(ne djeluju protiv HIV-2 i ostalih retrovirusa) (De Clercq, 2004). HEPT je prvo bio
ispitan kao potencijalno djelotvoran protiv herpes simplex virusa (HSV). Ova tvrdnja je bila
inspirirana ¢injenicom da HEPT isto kao i aciklovir koji je djelotvoran protiv HSV sadrzi (2-
hidroksietoksi)metil lanac. Tijekom toga vremena ve¢ se znalo da 1-["2-hidroksietoksi)metil]
pirimidin derivati, te takoder i derivati (E)-5-(2-bromovinil) nisu pokazali djelovanje protiv HSV.
Kao $to nije ni HEPT (TS-II-25). HEPT (TS-II-25) je prvi nenukleozidni inhibitor reverzne
transkriptaze (NNRTI) djelotvoran protiv HIV tipa 1 (De Clercq, 2013).

Dva mjeseca nakon HEPT derivata, opisani su i TIBO derivati kao specificni inhibitori HIV-1
reverzne transkriptaze. Od originalnih TIBO derivata, jedino je TIBO R86183 odobren kao klinicki
lijek pod nazivom tivirapine (De Clercq, 2013). Rilpivirin (TMC278) je najnoviji c¢lan
nenukleozidnih inhibitora reverzne transkriptaze koji inhibira HIV-1 reverznu transkriptazu. Kao i
ostali TIBO derivati, rilpivirine veze se na aktivno mjesto kao i ostali nenukleozidni inhibitori
reverzne transkriptaze NNRTI, dok se cijanovinilna grupa rilpivirina veze sa aminokiselinom W229
reverzne transkriptaze. Dvodimenzionalni infracrveni spektar kompleksa rilpivirina sa HIV-1
reverznom transkriptazom pokazao je dovoljnu fleksibilnost kompleksa, S§to objasnjava
potencijalno djelovanje rilpivirina protiv rezistentnih mutanata (De Clercq, 2013).
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Nevirapine je prvi NNRTI kojeg je odobrila FDA 1996.god, zatim delavirdine 1997. god i efavirenz
1998. god. Novija generacija NNRTI, etravirin odobrena je 2007. god. za lijjeCenje pacijenata sa
rezistencijom na NNRTI (Schrijvers i sur., 2011).
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Slika 6. Strukture nenukleozidnih inhibitora reverzne transkriptaze (NNRTI)
Fig. 6. Structure of non-nucleoside reverse transcriptase inhibitors (De Clercq, 2009)
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Inhibitori integraze

Oko 40 — 100 molekula integraze se nalazi upakirano u svakom pojedinom virusu HIV-a. Primarna
uloga integraze je kataliza ugradnje (integracija) virusne cDNA u genom inficirane stanice, iako
integraze mogu djelovati i kao kofaktori u reverznoj transkripciji. Proces integracije je esencijalan
za virusnu replikaciju, jer za transkripciju virusnog genoma i sintezu proteina virusa potrebno je da
virusna cDNA bude integrirana u kromosom (Pommier i sur., 2005). Nakon reverzne transkripcije,
integraza otcjepljuje 3’-kraj na virusnoj cDNA u citoplazmi. Ovaj korak u procesu integracije se
naziva 3’-cijepanje (engl. 3 -processing) i ukljucuje endonukleoliticko cijepanje nukleotida sa 3'-
kraja lanca virusne cDNA. Nakon 3’-cijepanje, integraza ostaje povezana sa virusnom cDNA u
multimerni komplex u kojem su oba kraja virusne cDNA povezana. Ovaj kompleks tzv.
preintegracijski kompleks (PIC) sadrzi virusne i stani¢ne proteine. Virusni proteini (reverzne
transkriptaze (RT), matriksa, nukleokapside) omogucavaju transport PIC-a kroz membranu stani¢ne
jezgre (Pommier i sur., 2005).
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Slika 7. Shematski prikaz procesa integracije cDNA u genom stanice domacina
Fig. 7. A shematic representation of the process of integration ¢ DNA into the genome
of the host cell (Pommier i sur., 2005)
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Za razliku od ostalih lenta virusa, kao §to su onkoretrovirusi Moloney-ev misji virus i Rous sarkoma
virus, preintegracijski kompleks (PIC) HIV-1 moze proci kroz pore membrane jezgre, bez njezina
prethodnog cijepanja (Pommier i sur., 2005). Nakon S§ta dospije u jezgru, integraza katalizira
umetanje krajeva virusne cDNA u kromosom domacina. Povezuje se 3'-OH kraj virusne DNA sa
5’-DNA fosfatom kromosoma domacina. Integraza moze takoder i katalizirati reverzibilnu reakciju
tj. dezintegraciju. Potpuno integrirani virus HIV-a naziva se provirus (Pommier i sur., 2005). lako je
se mnogo godina radilo na trazenju lijeka koji inhibira djelovanje integraze, tek je u 2007. godini
raltegravir, kao prvi integrazni inhibitor odobren za klinicku upotrebu (De Clercq, 2009).
Raltegravir, poznat i kao MK-0518 inhibira prijenos cDNA u procesu integracije HIV-1.
Djelotvoran je protiv rezistentnog HIV-1 i oba soja HIV-1, CCR5 i CXCR4 trofi¢nih virusa in vitro

(Grinsztejn, 2007).
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Slika 8. Struktura Raltegravira
Fig. 8. Structure of Raltegravir (De Clercq, 2009)

Inhibitori proteaze (PI)

Proteaze virusa su kljuéne u Zivotnom ciklusu mnogih virusa, ukljucujuéi retroviruse kao $to je
HIV, herpes virusi, picorna virusi (npr. rinovirus) i flavivirusi kao §to je HCV (humani
citomegalovirus). Stoga su virusne proteaze pogodne mete antivirusnih agenata (De Clercq, 2002).
Proteaze cijepaju novo eksprimirane prekursore poliproteina u manje zrele virusne proteine, koji se
nazivaju funkcionalni (imaju enzimsko djelovanje) ili strukturni (ako su dio strukture viriona) (De
Clercq, 2002). Npr., u procesu replikacije HIV-a, HIV proteaze cijepaju glikozoaminoglikan (gag) i
prekursorske proteine gag polimeraze (gag-pol) u strukturne (pl7, p24, p9 i p7) i funkcionalne
proteine (proteaze, reverzne transkriptaze/RNaze H i integraze) (De Clercq, 2002).

Inhibitori HIV proteaze su iskrojeni prema peptidnoj vezi u prekursorskim proteinima gag i gag-pol
koje cijepaju proteaze. NajCesce se modeliraju prema aktivnom mjestu enzima, koje se nalazi na
razmedi dviju homodimernih podjedinica i u koje strSe ogranci asparaginske kiseline (Mintas, Rai¢-
Mali¢, 2009). Trenutno je prisutno deset inhibitora proteaze koji su odobreni za klinicku upotrebu u
lijeCenju HIV infekcija. Osim tipranavira, svi PI su bazirani na peptidomimeti¢kom principu, sadrze
sredisnji hidroksietilenski most koji imitira peptidnu vezu koju HIV proteaza ne moZze pocijepati.
Deset PI trenutno dostupnih za lijeCenje HIV infekcija su: sakvinavir, ritonavir, indinavir,
nelfinavir, amprenavir, lopinavir, atazanavir, fosamprenavir, tipranavir i darunavir (De Clercq,
2009).

Inhibitori HIV proteaze korisni su kemoterapeutici koji se koriste u kombinaciji sa nukleozidnim i
nenukleozidnim inhibitorima reverzne transkriptaze u HAART terapiji (visoko ucinkovita
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antiretrovirusna terapija) za lijeCenje HIV infekcija. Medutim, u klinickoj primjeni uocena su
njihova Stetna popratna djelovanja, loSa podnosljivost za pacijente, medudjelovanje s drugim
lijekovima, te pri njihovoj dugotrajnoj primjeni uoceno da ti lijekovi izazivaju lipodistrofiju,
kardiovaskularne poremecaje i bolesti poremecaja metabolizma (poput dijabetesa) (Mintas, Raié-
Mali¢, 2009). To je potaknulo istrazivanja za novim, nepeptidnim inhibitorima HIV proteaze koji
umjesto peptidomimetickog hidroksietilenskog srediSnjeg mosta sadrzi ciklicku ureju, 4-
hidroksikumarin ili 4-hidroksi-5,6-dihidro-2-piron (De Clercq, 2002).

Tipranavir je prvi nepeptidni inhibitor HIV-1 proteaze djelotvoran protiv sojeva HIV-1 koji su
rezistentni na ostale inhibitore proteaze (Flexner i sur., 2005).

Kombinirana kemoterapija: Visoko ucinkovita antiretrovirusna terapija (HAART)

0Od 1996 godine, vaznost primjene kombinatorne kemoterapije za lijeCenje HIV infekcija je postala
Siroko prihvacena. Kombinatorna kemoterapija bila je Cesta praksa za lijeenje tuberkuloze
(kombinacija tri tuberkulostatika). Takoder je uvedena i za lijeCenje AIDS-a, te je dobila svoj
vlastiti akronim, HAART tj. visoko u¢inkovita antiretrovirusna terapija (De Clercq, 2009).
Uvodenjem HAART terapije zna¢ajno je smanjena smrtnost pacijenata sa HIV-om i zasigurno je
monoterapija postala proSlost. Danas se u terapiji HIV-a koristi kombinacija dva ili tri (ili vise)
lijekova koji inhibiraju razlicite faze u Zivotnom ciklusu HIV-a (Mehellou, De Clercq, 2009). Prva
upotreba HAART terapije kod pacijenata ukljucivala je uzimanje puno tableta dnevno, stoga su
farmaceutske tvrtke naporno radile kako bi te lijekove spojile u samo jednu tabletu. Prvi takav lijek
bio je Kombivir, koji se sastojao od dva nukleozidna inhibitora reverzne transkriptaze (NRTI),
zidovudina i lamivudina.

Tri godine kasnije uveden je Trizivir, koji je se sastoji od tri nukleozidna inhibitora reverzne
transkriptaze (NRTI), te se uzima kao 1 tableta dva puta dnevno (Mehellou, De Clercq, 2009). U
2004. godini odobrene su jo§ dvije kombinacije lijekova za lije¢enje HIV infekcija, Epzicom i
Truvada. Epzicom se sastoji od kombinacije dva nukleozidna inhibitora reverzne transkriptaze, te u
Europi dolazi pod nazivom Kivexa. Truvada je prvi kombinatorni lijek koji sadrzi nukleotidne
inhibitore reverzne transkriptaze. U 2006. godini razvijen je i peti kombinatorni lijek, Atripla, koji
se sastoji od kombinatornog lijeka truvade i efavirenza (Mehellou, De Clercq, 2009). 27. kolovoza
2012.godine odobren je od FDA je prvi kombinatorni lijek koji sadrzi Eetiri lijeka (engl. quad pills)
pod nazivom Stribild. Stribild se sastoji od cetiri aktivne komponente: TDF(tenofovir),(-)FTC
(emtricitabin), kobicistat (engl. pharmacoenhancer, strukturno slican ritonaviru, ali ne pokazuje anti
HIV aktivnost) i elvitegravir (inhibitor integraze). Sljede¢a kombinacija koja se razmatra je TDF, (-
) FTC, kobicistat i atazanavir (inhibitor proteaze) (De Clercq, 2013). Dok je u teoriji broj moguéih
kombinacija anti HIV lijekova rapidno raste, broj tableta koje oboljeli moraju uzimati se smanjio sa
20 tableta dnevno u 1996. godini na samo jednu tabletu sa kombinatornim lijekom u 2006. godini
(De Clercq, 2009). HAART terapija je poboljsala toleranciju na lijek, smanjila razvoj rezistencije na
lijek, te poboljsala kvalitetu zivota HIV pozitivnih pacijenata (Mehellou, De Clercq, 2009).
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Slika 9. Strukture Inhibitora HIV proteaze
Fig. 9. Structure of HIV protease inhibitors (De Clercq, 2009)
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Zakljugci

U odsutnosti djelotvornog cjepiva za HIV infekcije, iskorijenjivanje HIV-a je postao glavni
globalni problem. Iako se vecina stanica inficiranih HIV-om unisti, mali dio stanica vraca se u
"latentnu” fazu i prezivi, te se DNA HIV-a trajno integrira u genom domacina. Posto su ove stanice
jedne od najduze zivuéih stanica u tijelu, infekcije HIV-om mogu perzistirati u latentnom obliku
koji je nedostupan imunoloskom sustavu i trenutnoj antiretrovirusnoj terapiji (Palmisano i Vella,
2011). Nema sumnje, da je od otkri¢a virusa humane imunodeficijencije (HIV), napredak u razvoju
djelotvornog lijeka u anti HIV terapiji uspjesniji od otkric¢a lijekova za ostale virusne infekcije. Ovaj
napredak stvorio je arsenal anti HIV lijekova, koji inhibiraju razlicite faze u zivotnom ciklusu HIV -
a. To je dovelo i do upotrebe tih lijekova u kombinatornoj terapiji HIV infekcija (HAART terapija)
(Mehellou, De Clercq, 2009). Iako su se ovi lijekovi pokazali djelotvornim, problemi poput
toksi¢nosti i razvoja rezistentnosti, ograni¢avaju njihovu upotrebu, te je potreban razvoj novih anti
HIV lijekova (Mehellou, De Clercq, 2009). Razvoj novih anti -HIV lijekova sa novim mehanizmom
djelovanja treba biti prioritet za sve koji se bave razvojem lijekova za lijeCenje HIV infekcija.
Brojne nove mete anti HIV lijekova su identificirane. Neke od tih meta su regulatorni i /ili pomo¢ni
proteini kao Sto su Tat, Rev i Nef. Ovi proteini su esencijalni za funkcioniranje HIV, te njihovom
inhibicijom mozZemo se uspje$no boriti protiv HIV-a (Mehellou, De Clercq, 2009). S obzirom da
lijek jo$ nije dostupan, potrebno je doZivotno lijeenje pacijenata i takoder postoji rizik od
odgodenog toksi¢nog djelovanja lijeka (Palmisano i Vella, 2011).
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Application of antiretroviral therapy in HIV caused infections
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Summary

Since the discovery that AIDS (Acquired immunodeficiency syndrome) is caused by HIV (Human
immunodeficiency virus), there have been more drugs developed for HIV infections then for all
other viral infections combined. Anti HIV drugs are classified in different categories, depending on
which phase of HIV replicative cycle they inhibit. Classes of anti HIV drugs are: nucleoside reverse
transcriptase inhibitors (NRTIs; zidovudine (AZT), didanosine (ddl), zalcitabine (ddC), stavudine
(d4T), lamivudine (3TC), abacavir (ABC) and emtricitabine), nucleotide reverse transcriptase
inhibitors (NtRTIs; tenofovir), non -nucleoside reverse transcriptase inhibitors (NNRTIs;
nevirapine, dalevirdine, efavirenz and etravirine), protease inhibitors (PI; saquinavir, ritonavir,
indinavir, nelfinavir, amprenavir, lopinavire, atazanavir, fosamprenavir, tiprinavir i darunavir),
inhibitors of the entry of HIV in host cell (fusion inhibitors; FI: enfuvirtid, coreceptor inhibitors;
CRI: maraviroc) and integrase inhibitors (INI; raltegravir). To achieve the best possible results,
patients today are prescribed with HAART therapy (Highly active antiretroviral therapy) which uses
a combination of two, three or more different anti HIV drugs. HAART therapy aims to reduce the
risk of resistance development, improve tolerability by targeting more then one phase of replicative
cycle of HIV at once.

Keywords: HIV virus, anti-HIV drugs, HAART therapy
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Izvorni znanstveni rad

Utjecaj parametara mijeSanja na utroSak snage u Kristalizatoru
s dvama aksijalnim turbinskim mijeSalima

.o , .y .o 14 .k .
Antonija Kac¢uni¢, Marija Cosi¢  Nenad Kuzmanic

Sveuciliste u Splitu, Kemijsko-tehnoloski fakultet, Zavod za kemijsko inZenjerstvo,
Rudera Boskovica 35, 21000 Split, Hrvatska
Dopisni autor: akrap@ktf-split.hr

Sazetak

Utrosak snage pri provedbi operacije mijeSanja moze znacajno ovisiti o geometrijskim
karakteristikama sustava, posebno mijesSala. U ovom radu sagledan je utjecaj veliine i pozicije
mijesala na utroSak snage mijeSanja pri provedbi Sarzne prekristalizacije boraksa. Ispitivanja su
provedena u kristalizatoru volumena 15 dm’ u kojem je omjer visine stupca kapljevine i promjera
kristalizatora iznosio 1,3. Zbog navedenog omjera mijesanje se provodilo dvama aksijalnim
turbinskim mijesalima s ravnim lopaticama nagnutim pod kutom od 45° (PBT tip mijesala). Utjecaj
veli¢ine mijeSala na utroSak snage ispitivan je primjenom mijeSala razli¢itih promjera, dok je
pozicija mijeSala sagledavana kroz udaljenost donjeg mijesSala od dna te kroz razmak izmedu
mijeSala. Iz rezultata je uoCeno da utro$ak snage znaCajno ovisi o primijenjenim parametrima
mijesanja. S obzirom da se utro$ak sagledavao pri postizanju stanja potpune suspenzije kristala,
dobiveni rezultati mogli su se objasniti tek uvidom u strukturu toka kapljevine. U tu svrhu izvrSeno
je fotografiranje tokova te je analizom slike odreden tok kapljevine kojeg razvija pojedino mijesalo.
Ovisno o veli¢ini i poziciji mijeSala na slikama je uoceno preklapanje nastalih tokova. Na osnovu
provedenih ispitivanja utvrdeno da je utroSak snage pri suspendiranju kristala boraksa ovisi o
strukturi sveukupnog toka kapljevine formiranom uslijed djelovanja tokova dvaju mijeSala. Za
suspendiranje kristala boraksa potom je predlozena optimalna konfiguracija dvaju aksijalnih
mijesala.

Kljucne rijeci: utroSak snage, konfiguracija dvaju mijeSala, $arzna kristalizacija, boraks dekahidrat
Uvod

Odredivanje utroska snage mijeSanja u reaktorima s mijeSanjem provodi se u cilju utvrdivanja
energetskih zahtjeva odredenog sustavima, ali i postupka uvecanja u kojem utroSak snage po
jedinici volumena predstavlja kljucni parametar. Opcenito je poznato da je utroSak snage, P,
funkcija brzine vrtnje mijesala, N, promjera mijesala, D, te karakteristika kapljevine koja se mijesala
poput dinamicke viskoznosti i gustoce (P = f (N, D, p, & ¢)). Medutim, utroSak snage ovisi i o
volumenu kapljevine te geometriji sustava koja obuhvaca karakteristike posude, tip mijesala, broj i
poziciju mijesala u sustavu. Geometrija pak sustava ovisi namjeni operacije koja se provodi te
znacajno utjeCe na koli¢inu energije koju je potrebno privesti sustavu kako bi se postigla zeljena
kvaliteta izmijeSanosti (Tatterson, 1994).
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U ovom radu ispitan je utro§ak snage mijeSanja u procesu Sarzne kristalizacije boraksa. Primjena
ove soli je veoma rasprostranjena pa se tako moze pronaéi u gotovo svim proizvodnim sferama
izuzev prehrambene (Sayan, Titiz Sargut, Kiran, 2010). Za komercijalnu primjenu se boraks dobiva
uglavnom postupkom Sarzne prekristalizacije rude tinkala u kristalizatorima volumena i do nekoliko
desetaka m’. Pritom je visina stupca kapljevine uglavnom veéa od promjera reaktora $to zahtijeva
uvodenja drugog ili viSe mijeSala na zajednicku osovinu. Ova promjena, u odnosu na geometrijski
standardnu  konfiguraciju kristalizatora s mehanickim mijeSanjem, rezultira promjenom
hidrodinamickih uvjeta Sto se moze znacajno odraziti i na utroSak snage mijeSanja. Pregledom
literature je uoceno da su dosadasnja ispitivanja utroska snage s dvama ili viSe mijesala uglavnom
bila fokusirana na postupke mijeSanja Cistih kapljevina, suspendiranje ¢vrstih inertnih ¢estica kao i
na postupak aeracije (Kuzmanic, Zanetié, Akrap, 2008; Markopoulos, Babalona, Tsiliopoulou,
Tasopoulou, 2005; Ascanio, Castro, Galindo, 2004; Armenante, Mazzarotta, Chang, 1998) te
gotovo da nema rada u kojem se sagledava utrosak snage mijesanja u kristalizatorima s dvama ili
viSe mijeSala.

S obzirom da se $arzna kristalizacija boraksa provodi u suspenziji mijeSanje ima znacajan utjecaj na
ovu operaciju. Na pocetku procesa kada je u sustavu prisutna iskljucivo kapljevita faza mijeSanjem
se nastoji ujednacditi prezasic¢enost unutar otopine. Nakon nukleacije mijeSanjem se nastoji ostaviti
uvjete kojima bi se intenzivirao prijenos tvari i energije tijekom procesa rasta nastalih kristala.
Upravo zbog navedenog je potrebno odabrati uvjete mijeSanja kojima bi se ostvario visoki
koeficijent prijenosa tvari. Naime, koeficijent prijenosa tvari naglo raste s pove¢anjem brzine vrtnje
mijesala sve dok ona ne postigne vrijednost koja ¢e osigurati postizanje stanja potpune suspenzije
Daljnjim poveéenjem brzine vrtnje mijeSala koeficijent prijenosa tvari se moze povecati najvise za
50%, medutim utro$ak snage mijeSanja ¢e u tom slucaju biti deseterostruko veéi (Paul, Atiemo-
Obeng, Kresta, 2004). S obzirom na navedeno malo je razloga zbog kojih bi se mijeSanje u
kristalizatorima provodilo pri brzinama vrtnje mijesala veéim od onih potrebnih za postizanje stanja
potpune suspenzije.

Cilj ovog rada je ispitati utjecaj parametara mijeSanja u kristalizatoru s dvama aksijalnim turbinskim
mijeSalima na utroSak snage mijeSanja u procesu Sarzne prekristalizacije boraksa postupkom
kontroliranog hladenja. Sva ispitivanja provodila su se pri brzini vrtnje mijeSala pri kojoj je
postignuto stanja potpune suspenzije kristala boraksa.

Materijali i metode

Ispitivanja u ovom radu izvrSena su u aparaturi prikazanoj na slici 1. Osnovni dio aparature
predstavlja kristalizatoru ravnog dna, volumena 15 dm®, promjera dr = 0,24 m. Unutar kristalizatora
su ugradena i Cetiri razbijala virova (£/dr=0.1) &ije je dno bilo izvedeno pod kutom od 45° kako bi
se izbjeglo nastajanje zona slabije izmijeSanosti. Visina stupca kapljevine u kristalizatoru je bila 1,3
puta veca od promjera posude §to je zahtijevalo postavljanje drugog mijesala na zajednicku osovinu.
U ovom istrazivanju koriStena je konfiguracija sastavljena od dvaju turbinskih mijesala s ravnim
lopaticama nagnutim pod kutom od 45° (eng. pitched blade turbine — PBT). U ispitivanjima se
sagledavalo kako promjer mijeSala, udaljenost donjeg mijesala od dna kristalizatora, C, te
medusobna udaljenost dvaju mijeSala na zajednickoj osovini, S, utjecu na utrosak snage mijeSanja
pri suspendiranju kristala boraksa u Sarznom kristalizatoru.
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Slika 1. Aparatura za provedbu eksperimenta
(1 - kristalizator, 2 - mijesalo, 3 - termostat, 4 - osjetilo zakretnog momenta,
5 - sustav za mjerenje brzine vrtnje mijesala i zakretnog momenta, 6 - elektromotor,
7- regulator brzine vrtnje, 8 - raunalo).
Fig. 1. Experimental set-up
(1 - crystallizer, 2 - impeller, 3 - thermostat, 4 - torqe senzor, 5 - impeller speed and torque
measurement system, 6 - electromotor, 7- impeller speed regulator, 8 - computer )

Kao kontinuirana faza pri svim ispitivanjima koristila se otopine boraksa zasi¢ena i termostatirana
pri 25°C. Tijekom provedbe eksperimenta podeSavana je brzina vrtnje mijesala koja je osiguravala
postizanje stanja potpune suspenzije kristala, Nys, pomoéu uredaja S. Himmelstein & Co. serije 700.
Pri postignutoj brzini uredaj je omogucavao i mjerenje zakretnog momenta pomocu osjetila
zakretnog momenta smjeStenog na osovini. Brzina vrtnje mijeSala pri kojoj se postize stanje
potpune suspenzije ovisi o veli¢ini i masi Cestica koje se suspendiraju te o geometrijskim
karakteristikama sustava (Zwietering, 1958). Zbog toga je stanje potpune suspenzije bilo potrebno
odrediti za kristale boraksa definirane veli¢ine i mase u sustavu s dvama PBT mijeSalima pri
zadanim parametrima mijeSanja definiranim omjerima D/dy, C/D i S/D (tablica 1). Veli¢ina kristala
boraksa iznosila je X = 275 um, ova veli¢ina predstavlja srednju veli¢inu najvece klase kristala
dobivenih u prethodno provedenim eksperimentima u kristalizatoru manjeg mjerila. Masa kristala
za suspendiranje odredena iz teorijskog prinosa pri hladenju zasi¢ene otopine boraksa od 30 do 14
°C. Naime, unutar ovog temperaturnog podrucja naknadno ¢e se provoditi kristalizacija ispitivane
soli. Teorijski prinos izracunat je primjenom izraza:

ms =V (c30 = €14) " Mg (1
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gdje je:

V volumen matiéne otopine [m’],

¢ 30~ koncentracija zasi¢ene mati¢ne otopine na pocetku procesa kristalizacije [kmol/m 1,
¢4 — koncentracija zasi¢ene mati¢ne otopine na kraju procesa kristalizacije [kmol/m?], a
Ms— molarna masa kristaliziraju¢e soli [kg/kmol].

Tablica 1. Ispitivani parametri mijeSanja
Table 1. Examined mixing parameters.

D/dt C/D S/ID
0,27 0,20 0,00
0,33 0,60 0,50
0,40 1,00 1,00

1,30 1,50

Stanje potpune suspenzije odredivano je vizualnom metodom koju su predlozili Eineinkel i
Mersmann (1977). Prema navedenoj metodi, stanje potpune suspenzije ostvareno je pri onoj brzini
vrtnje mijeSala pri kojoj se oblak suspenzije podigne do 90% visine stupca kapljevine (0,9 H). Bitno
je napomenuti kako je u svim ispitivanim sustavima istovremeno bio zadovoljen i Zwieteringov
kriterij za odredivanje stanja potpune suspenzije prema kojem se nijedna Cestica ne zadrzava na dnu
posude duze od 1 do 2 sekunde. Kako je vizualna metoda odredivanja stanja potpune suspenzije
subjektivna, sva mjerenja su provedena najmanje deset puta te je potom izraCunata srednja
vrijednost Njs.

Da bi se dobio uvidi u hidrodinamicka zbivanja u sustavu s dvama PBT mijeSalima, pri ispitivanim
uvjetima mijeSanja, izvrSeno je fotografiranje toka suspenzije i to u tamnoj sobi prema metodi koju
su koristili Ibrahim i Nienow (1995). Prilikom snimanja stupac suspenzije bio je osvijetljen
halogenom lampom, snage 1500 W, pri ¢em je svjetlo prolazilo kroz dva paralelna otvora Sirine 5
mm, dok su ostali dijelovi kristalizatora bili zatamnjeni. Kao traser koristeni su kristali boraksa
srednje veli¢ine 275 um, dok je kontinuirana faza bila otopina boraksa zasicena pri 25°C.

Rezultati i rasprava

Snaga mijesanja definira se kao koliina energije koju je potrebno privesti sustavu uslijed
mehani¢kog mijeSanja da bi se ostvarilo strujanje fluida u reaktoru. U ovom radu utroSak snage
izracunat je iz vrijednosti brzine vrtnje mijesala pri postizanju stanja potpune suspenzije, Njs, i
zakretnog momenta, 7, primjenom izraza:

P=N15'T'27T (2)

UtroSak snage izrazen je po jedinici mase suspenzije koja se mijeSa, P/m.
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Slika 2. Utrosak snage mijeSanja pri razli¢itim promjerima mijesala u sustavu s dvama
PBT mijesalima
Fig. 2. Power consumption at different impeller diameters in PBT dual-impeller system

Na slici 2 prikazan je utrosak snage mijeSanja pri tri razli¢ita promjera mijesala izrazena omjerom
D/dr. 1z rezultata se uocava da se s pove¢anjem veli¢ine mijeSala utroSak snage smanjuje. Kako se s
poveéanjem veli¢ine mijeSala poveéava i projicirana povrSina mijeSala ocekivalo bi se da ¢e se
poveéanjem mijeSala povecavati utrosak snage, odnosno energija koju treba narinuti kako bi vece
mijeSalo pri okretanju savladalo otpor kojeg mu pruza kapljevina. Medutim, kako se u ovim
ispitivanjima mijeSanje provodilo pri stanju potpune suspenzije kristala boraksa svakako treba
sagledati i vrijednosti Nyg pri analizi dobivenih rezultata. Na slici 3 prikazana je ovisnost brzine
vrtnje mijeSala pri postizanju stanja potpune suspenzije i zakretnog momenta o promjerima PBT-
PBT konfiguracije mijesala.
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Slika 3. Promjene brzine vrtnje mije$ala i zakretnog momenta s promjenom promjera mijesala
pri stanju potpune suspenzije
Fig. 3. Variation of just suspended impeller speed and torque at different impeller diameter
in PBT dual-impeller system
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Iz slike je evidentno da se poveéanjem promjera mijeSala Njg smanjuje. Detaljnijom analizom
rezultata utvrdeno je da je povecanje promjera mijesala za 48 % uzrokovao je smanjenje brzine
vrtnje mijesala potrebnu za postizanje stanja potpune suspenzije za vise od 55 %. Ovakav rezultat
posljedica je djelovanja strukture sveukupnog toka kapljevine u sustavu s dvama PBT mijesalima.
Naime, svako od dvaju PBT mijesala razvija svoj karakteristicni tok; kapljevina zahvacena
mijesalom se usmjerava prema dnu posude odakle struji uz stijenku kristalizatora prema povrSini.
Kako su u sustavu prisutna dva PBT mijesala uzlazni tok donjeg mijeSala pridruzuje se uzlaznom
toku gornjeg mijeSala formirajuéi na taj nacina jednocirkulacijski tok kapljevine unutar sustava
(slika 4a). S povecanjem promjera mijeSala nastali jednocirkulacijski tok biva Siri §to omogucava
podizanje kristala boraksa s dna kristalizatora i njihovo nesmetano podizanje do visine 0,9 H ve¢ pri
znacajno manjem iznosu Njs.

Slika 4. Struktura toka kapljevine u kristalizatoru s dvama PBT mije$alima pri a.) C/D =1,0,

S/D=1,0, D/dr =0,33; .b). C/D =0,20, S/D=1,0, D/d1 =0,33; ¢) C/D =1,0, S/D=1,5, D/d; =0,33

Fig. 4. Fluid flow pattern in the PBT dual-impeller crystallizer at a.) C/D =1,0, S/D=1,0, D/dy
=0,33; .b). C/D =0,20, S/D=1,0, D/dt =0,33; ¢) C/D =1,0, S/D=1,5, D/d; =0,33

Opécenito je poznato da je za suspendiranje Cestica s dna reaktora odgovorno makromjerilo
turbulencije u kojem je veli¢ina makrovrtloga proporcionalna promjeru mijesala. Pri suspendiranju
kristala boraksa s dna reaktora kapljevina treba osigurati dovoljnu veli¢inu i energiju vrtloga,
odnosno brzinu kapljevine pri dnu kristalizatora, da bi se ostvarilo suspendiranje prisutnih kristala.
S povecanjem veli¢ine mijesala poveéava se veli¢ina makrovrtloga ali i dobava mijesala. Naime,
mijesalo veéih dimenzija zahvaca i odbacuje vecu koli¢ina kapljevine prema dnu kristalizatora
nepromijenjenog presjeka. Zbog toga, mijeSalo poveéanog promjera moze ve¢ pri manjoj brzini
vrtnje osigurati brzinu kapljevine potrebnu za podizanje sedimentirajucih kristala boraksa. Vazno je
napomenuti da, s obzirom da je kriterij postizanja stanja potpune suspenzije bio 0,9 H, veée
mijesalo uslijed veceg primarnog vrtloga, u¢inkovitije pridonosi podizanju kristala na ovu visinu.
Na slici 3 se uoCava povecanje zakretnog momenta s poveCanjem promjera mijeSala. Iznos
zakretnog momenta opcenito raste s pove¢anjem brzine vrtnje mijesala, no u ovom sluc¢aju njegovo
povecanje se moze pripisati prethodno opisanom pove¢anom otporu kojeg kapljevina pruza rotaciji
mijesala pri povecanju njegovog pomjera. Dakle, dok je Njs posljedica strukture ukupnog toka
kapljevine, 7je posljedica povecanja promjera mijesala.
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Prema tome, na osnovu odnosa eksperimentalnih vrijednosti Njs i 7 moze se rec¢i da je smanjenje
utroSka snage s pove¢anjem mijeSala posljedica nastalih promjena u strukturi toka kapljevine.
Prilikom sagledavanja utjecaja udaljenosti donjeg mijesala od dna kristalizatora izrazenog omjerom
C/D na utrosak snage mijeSanja uoceno je da se s povecanjem udaljenosti mijeSala povecava i
utroSak snage (slika 5).
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Slika 5. Utrosak snage mijesanja u ovisnosti o udaljenosti donjeg mijesala od dna kristalizatora
u sustavu s dvama PBT mijesalima
Fig. 5. Power consumption at different impeller off-bottom clearances in PBT dual-impeller system

Razlike u vrijednostima utroska snage pri ispitivanim omjerima C/D i u ovom slucaju ovise o
vrijednostima Njs i 7 odnosno o karakteristikama sveukupnog toka kapljevine odgovornog za
uklanjanje kristala s dna kristalizatora i njihovo podizanje na 90% visinu stupaca kapljevine.
Promjene Njs i 7s udaljavanjem donjeg mijesala od dna kristalizatora prikazane su na slici 6.
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Slika 6. Promjene brzine vrtnje mijesala i zakretnog momenta s udaljeno$¢u donjeg mijesala od
dna, pri stanju potpune suspenzije
Fig. 6. Variation of just suspended impeller speed and torque at different impeller off-bottom
clearences in PBT dual-impeller system

57



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Kemijsko i biokemijsko inZenjerstvo / Chemical and Biochemical Engineering

Kako bi se objasnili meduovisnost vrijednosti Njs o omjeru C/D potrebno je analizirati strukturu
toka PBT mijesala. Opcenito se tok kapljevine kojeg razvija PBT mijesalo moze podijeliti na tri
zone (Bakker, Myer, Ward, Lee, 1996). Ispod mijesala se nalaze zona velikih brzina fluida (I.) i
zona manjih brzina fluida konusnog oblika (II.). Zonu velikih brzina fluida formira tzv. primarni
cirkulacijski tok koji struji od mijesala prema dnu, odnosno kutovima kristalizatora. U zoni manjih
brzina (II), a uslijed medudjelovanja primarnog cirkulacijskog toka i okoline generira se manji
sekundarni tok suprotnog smjera (tzv. reverzni tok) koji je pozicioniran neposredno ispod mijesala.
Postojanje sekundarnog toka su u sustavu s jednim PBT mijeSalom uocili Bakker i suradnici (1996)
te Kumaresan i Joshi (2006) pri analizi toka ovog mijesala metodom laserske doppler anemometrije
(LDA). Tre¢a zona (III.) okarakterizirana najmanjim brzinama kapljevine nalazi se iznad PBT
mijesala, neposredno ispod povrsine kapljevine. Kako su u sustavu prisutna dva PBT mijesala
pozicioniranjem donjeg mijesala blize dnu (C/D = 0,2) dolazi do kompresije toka donjeg mijesala
(slika 4b). Medutim unato¢ ¢injenici da je doslo do kompresije toka donjeg mijesala, prisutni
hidrodinamicki uvjeti imaju znacajan utjecaj na suspendiranje sedimentiranih kristala s obzirom da
je upravo pri ovom omjeru C/D suspendiranje postignuto pri najnizoj vrijednosti Njs. U ovom
slu¢aju postupku suspendiranja su o¢ito pogodovale brzine kapljevine u zoni mijesala. Naime u zoni
mijesala, bez obzira na tip mijesala postoji najizrazenije smicanje, odnosno najveéi gradijent brzina
koje, postave 1li se blizu sedimentiraju¢ih kristala, pospjesuju suspendiranje. S druge strane,
udaljavanjem donjeg mijeSala od dna kristalizatora opseg sekundarnog, reverznog, toka donjeg
mijesala se poveca pri cemu dolazi do smanjenja intenziteta toka ispod donjeg mijesala te sveukupni
tok ima sve manje utjecaja na zbivanja na dnu kristalizatora. Zbog toga je upravo i pri najvecoj
udaljenosti donjeg mijesala bilo potrebno narinuti i najvecu brzinu vrtnje mijeSala kako bi se
postiglo suspendiranje kristala. Ukoliko se analizira promjena zakretnog momenta s promjenom
omjera C/D uoceno je da se 7 povecava s povecanjem brzine vrtnje mijeSala u podrucju
0,6<C/D<1,3 medutim pri C/D=0,2 ova veli¢ina je povecana unato¢ manjoj vrijednosti Njs.
Navedeno poveéanje se moze pripisati nedovoljno razvijenom toku donjeg mijeSala uslijed
kompresije. Pri sagledavanju utro$ka snage o medusobnoj ovisnosti dvaju mijeSalu izrazenih
omjerom S/D uoceno je kako se utro$ak snage smanjuje s povecavanjem udaljenosti izmedu
mijesala (slika 7).
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Slika 7. Utrosak snage mijeSanja pri razli¢itim medusobnim udaljenostima dvaju PBT mijeSala
Fig. 7. Power consumption at different impeller spacing in PBT dual-impeller system
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Ukoliko se uz ovaj utroSak snage, analogno prethodnim, sagledava i promjene vrijednosti Njg
uocava se da s povecanjem omjera S/D ova veli¢ina tek neznatno povecava te da je pri omjerima
S/D>1,0 gotovo identi¢na (slika 8).
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Slika 8. Promjene brzine vrtnje mijesala i zakretnog momenta s medusobnom udaljeno$¢u dvaju
PBT mijesala pri stanju potpune suspenzije
Fig. 8. Variation of just suspended impeller speed and torque at different impeller spacing
in PBT dual-impeller system

Pri omjeru S/D=0 mijeSala su spojena te se ponasaju kao jedno izmijenjenih geometrijskih
karakteristika. Ovakvo mijeSalo ima izraZena smic¢na naprezanja koja ocito pogoduju postupku
suspendiranja kristala boraksa s obzirom na nesto niZe vrijednosti Njs. Pri omjerima 0,5<S/D<1,0
tokovi mijesala udruzuju u prethodno opisani jednocirkulacijski tok (slika 4a). Medutim pri omjeru
S/D =1,5 u sustavu je uoceno da se tokovi dvaju mijeSala ne preklapaju, odnosno uoceno je
postojanje dvaju nezavisnih tzv. paralelnh tokova kapljevine (slika 4c). Na osnovu vrijednosti Njg
moze se zakljuéiti da se formiranje paralelnih tokova nije znacajnije odrazilo na suspendiranje
kristala. U ovom slucaju potpuno razvijeni tok donjeg mijeSala podize kristale na odredenu visinu
stupca kapljevine odakle ih tok gornjeg mijesala podize na visinu 0,9H. S druge strane, iz slike 7
uoCava se da se zakretni moment znac¢ajno smanjuje s povecanjem omjera S/D te da utrosak snage
pri povecanju udaljenosti izmedu mijesala vise ovisi o vrijednostima zakretnog momenta nego o
N;s. Ovakav trend ukazuje da je zakretni moment to veci ukoliko ne dolazi do potpunog razvijanja
tokova mijesala, Sto je prethodno bio slucaj i pri C/D=0,2. Nadalje, vrijednost zakretnog momenta
opada s formiranjem nezavisnih, paralelnih tokova. Pri omjeru S/D=0 povecana vrijednost
zakretnog momenta posljedica je, slicno kao i pri povec¢anju promjera mijesala, povecanja velicine
mijesala.

Usporedbom rezultata ispitivanja konfiguracije dvaju PBT mijeSala na utroSak snage mijeSanja
uoCeno je da je najmanji utroSak snage prisutan kada se mijeSanje provodi pri omjerima C/D=1,
S/D=1.5, D/d=0.33. Medutim za provedbu procesa kristalizacije osim najniZzeg utroSka snage,
svakako treba sagledati i karakteristike produkta kristalizacije pri ispitivanim parametrima, kako bi
se odabrala optimalna konfiguracija.
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Zakljugci

Najnize vrijednosti utroska snage mijesnja pri suspendiranju kristala boraksa u sustavima s dvama
PBT mijeSalima postizu se povecavanjem medusobne udaljenosti mijeSala do pozicije koja ¢e
rezultirati formiranjem dvaju paralelnih tokova. Pri tome je snizeni utroSak snage posljedica
smanjenja vrijednosti zakretnog momenta. UtroSak snage mijeSanja u ispitivanim sustavima
smanjuju se takoder s pove¢anjem promjera mijeSala te smanjenjem udaljenosti donjeg mijesala od
dna kristalizatora. Pri ovim uvjetima smanjeni utroSak snage posljedica je znaCajnog snizenja
vrijednosti Njs zbog povecanja veliCine makrovrtloga, odnosno zbog blizine zone mijesala,
okarakterizirane velikim brzinama kapljevine, sedimentiranim kristalima.

Zahvala: Istrazivanja u ovom radu sastavni su dio istraZivanja obuhvacéenih znanstvenim projektom
HETMIX (IP-11-2013-8959) kojeg financira Hrvatska zaklada za znanost.
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Influence of mixing parameters on power consumption
in dual axial impeller crystallizer
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Summary

Power consumption in agitated vessel depends on geometrical characteristics of system, especially
impeller configuration. In this work the influence of impeller size and position on power
consumption in batch cooling crystallization of borax decahydrate was analyzed. Examinations
were conducted in a crystallizer of 15 dm® with liquid height to crystallizer diameter ratio (H/dy) of
1,3. This aspect ratio required the use of a second impeller on the same shaft. In this research,
mixing was performed by two 45° four-bladed pitched blade turbines (PBT). Influence of impeller
size was analyzed by using impellers of different diameters, while the impeller position was
analyzed by varying impeller off-bottom clearance and spacing between impellers. From the results
it was found that power consumption depends on applied mixing parameters. Since power
consumption was analyzed at the state of complete suspension of crystals, obtained results could
only be explained by analyzing the fluid flow pattern in the vessel. For that reason, photographs of
the fluid streams in the crystallizer were taken. Depending on the impeller size and position, a more
or less pronounced interaction of the flows developed by each of impeller applied was observed in
the photographs. Based on the results of this examination, it was found that power consumption
depends on the overall fluid flow pattern which is a result of the interaction of each of the impellers
fluid flow. In the end, an optimal configuration of dual axial impeller system for the suspension of
crystals of borax was suggested.

Keywords: power consumption, dual-impeller configuration, batch cooling crystallization, borax
decahydrate
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Izvorni znanstveni rad

Fizikalna svojstva prirodnih eutekti¢kih smjesa
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Sazetak

Izbor otapala u industrijskim procesima zahtjevan je postupak buduéi da koriStenje
konvencionalnih, hlapljivih i zapaljivih organskih otapala moze predstavljati opasnost za ljudsko
zdravlje, okolis, ali i problem pri njegovu zbrinjavanju. Upravo stoga istraZivanje i primjena
prirodnih eutektickih smjesa, u razli¢itim procesima, predstavlja iskorak ka smanjenju negativnog
utjecaja industrije na okoli§. Ova otapala moguéa su alternativa postojec¢oj tehnologiji i nude
zamjenu Stetnim otapalima. Prirodne eutekticke smjese pripremaju se iz jeftinih, netoksi¢nih te lako
dostupnih komponenti. Kako je njihova primjena u industriji jo§ uvijek u zacetku, a moguénost
kombiniranja donora i akceptora vodikovih veza beskonacna, nedostaju podaci o osnovnim
fizikalno-kemijskim svojstvima.

U ovom radu odredena je: gustoca, viskoznost, elektri¢na vodljivost, indeks loma te pH vrijednost
osam pripremljenih prirodnih eutekti¢kih smjesa u rasponu temperature od 288 do 328 K. Takoder
je odreden i utjecaj udjela vode u eutektickoj smjesi na navedena fizikalna svojstva. Sve
pripremljene eutekti¢ke smjese su Newtonski fluidi, &ija se gustoéa kreée od 1100 do 1500 kg m™
ovisno o udjelu dodane vode. Povi§enjem temperature i povecanjem udjela vode viskoznost i indeks
loma padaju, dok elektricna vodljivost raste. Ovisnost indeksa loma, pH vrijednosti i elektri¢ne
vodljivosti sa promjenom temperature je linearna, dok je promjena viskoznosti s temperaturom
opisana Arrheniusovom te Vogel-Fulcher -Tammanovom jednadzbom.

Kljucne rijeci: elektricna vodljivost, eutekticke smjese, gustoca, indeks loma, pH vrijednost,
viskoznost

Uvod

Postojeca zelena tehnologija nastoji u raznim istrazivanjima, ali i u komercijalnim procesima
primijeniti nove, za okoli§ prihvatljive tehnologije. Ove se, tzv. zelene tehnologije, odvijaju pri
blagim uvjetima tlaka i temperature, a energetski su uCinkovite te primjenjuju neopasna zelena
otapala. Hlapljiva organska otapala koja se koriste u komercijalnim procesima u velikim
koli¢inama, ve¢inom su toksi¢na, zapaljiva i korozivna, a njihovo recikliranje i ponovna upotreba
zahtijevaju primjenu visoko energetskih postupaka uz znatne gubitke, poput destilacije. Razvoj
novih za okoli§ prihvatljivih dizajniranih otapala, otvara mnoge opcije i mogao bi znatno doprinijeti
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napretku zelenih tehnologija. Prirodna eutekti¢ka otapala (deep eutectic solvents, DES) privukla su
veliku paznju kao zamjenska otapala komercijalno koristenim hlapljivim otapalima, a imaju i veliki
potencijal za primjenu u raznim procesima poput ekstrakcije (Gano i sur., 2015., Oliveira i sur.,
2013.) organske sinteze (Gore i sur., 2011.) te u elektrokemiji (Jhong i sur., 2009.). Primjena
cutektickih smjesa kao novih vrsta otapala nastavak je primjene ionskih kapljevina (IK). Naime,
ionske kapljevine se ve¢ duZe vrijeme proucavaju i do sada u komercijalnoj upotrebi postoji oko
250 razlic¢itih ionskih kapljevina (Zhang i sur., 2011.). Obzirom da veéina ionskih kapljevina,
usprkos nizu izuzetnih svojstava, ipak nije ekoloski prihvatljiva, bilo zbog sinteze iz toksi¢nih
organskih spojeva, nastalih nusprodukata ili zbog njihove toksi¢nosti, novija istrazivanja ukljucuju
niskotemperaturne eutekticke smjese. Niskotemperaturne eutektiCke smjese zadovoljavaju principe
zelene kemije, a posjeduju svojstva analogna svojstvima ionskih kapljevina. Veza izmedu ionskih
kapljevina i eutektickih otapla je u sli¢nim fizikalnim svojstvima (gustoc¢a, viskoznost, indeks loma,
povrsinska napetost), pri sobnoj temperaturi su kapljevine, neznatne su hlapljivosti, nezapaljiva su i
posjeduju veliku toplinsku, kemijsku i elektrokemijsku stabilnost. Kada se govori o prednostima
cutektickih smjesa, naglasak se stavlja na netoksi¢nost, pristupacnu cijenu te jednostavan postupak
sinteze u kojem se koriste jeftine, obnovljive i biorazgradive komponente koje su sposobne pri
blagim uvjetima sinteze tvoriti eutektiCku smjesu. Nadalje, sve biljke obiluju primarnim
metabolitima kao §to su lipidi, nukleotidi, aminokiseline i organske kiseline, a njihovo se stanje u
organizmu mijenja iz krutog u kapljevito kad se pomijesaju u odgovarajuéem omjeru. Zbog toga se
moze pretpostaviti da prirodna niskotemperaturna eutekticka otapala (natural deep eutectic solvents,
NADES) igraju ulogu alternativnog medija u Zivim organizmima u odnosu na vodu. Ta je
pretpostavka rezultirala otkricem vise od 100 prirodnih eutekti¢kih smjesa. Sve ispitane prirodne
eutekticke smjese jasno pokazuju postojanje vodikove veze izmedu komponenti $to je odlika
eutekti¢kih otapala (Dai i sur., 2013.). Unato¢ sve vecoj vaznosti te brojnim razli¢itim primjenama i
¢itavom nizu prednosti pred drugim otapalima, podaci o osnovnim fizikalnim svojstvima jo$ uvijek
nedostaju za mnoga ecutektiCka otapala. U ovom radu odredena su fizikalna svojstva prirodnih
eutektickih smjesa poput gustoce, viskoznosti, indeksa loma, pH vrijednosti i elektri¢ne vodljivosti
kao i utjecaj temperature te udjela vode na navedena fizikalna svojstva.

Materijali i metode

Pripremljeno je osam prirodnih eutektickih otapala te su im eksperimentalno odredena fizikalna
svojstva (gustoca, viskoznost, indeks loma, pH vrijednost i elektriéna vodljivost) u temperaturnom
intervalu 288 do 328 K (osim za gustocu koja je za sva otapala odredena pri 298 K). Eutekticka
otapala pripravljena su sa udjelom vode 10, 30 i 50 mas%. Molarni omjeri donora i akceptora
vodikove veze u koriStenim eutektickim smjesama dani su u tablici 1. Za termostatiranje svih
pripremljenih otapala tijekom mjerenja navedenih fizikalnih svojstava koriSten je termostat model F
12 Julabo.

Priprema prirodnih eutektickih otapala

Prirodna eutekticka otapala sintetizirana su odredenom molarnom omjeru kako je dano u tablici 1.
Netom prije sinteze, komponente se suse u vakuumskom susioniku (Savant SPD131DDA Speed Vac
Concentrator, Thermo scientific, USA) pri temperaturi od 333 K tijekom 24 h. Dvije ili viSe
komponenti dodaju se u odredenom molarnom omjeru u staklenu posudu, mijesaju sa 10, 30 ili 50
mas% vode te zagrijavaju na temperaturu 333 K te mijesaju do pojave bistre, bezbojne kapljevine.
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Mjerenje gustoce

Gustoc¢e pripremljenih eutektickih otapala izmjerene su digitalnim uredajem za mjerenje gustoce,
Mettler Toledo Densito 30PX to¢nosti instrumenta od +0,1 kg m™, odnosno areometrom za
eutekticka otapala Ciji je pH < 3. Gustocée su izmjerene pri sobnoj temperaturi. Bez obzira na nacin
mjerenja gustoce, mjerenje svakog uzorka ponovljeno je tri puta te je odredena srednja vrijednost

gustoce.

Tablica 1. Pripravljena prirodna eutekti¢na otapala (NADES) s masenim udjelom vode od 10, 30 i
50%
Table 1. Prepared natural eutectic solvents with mass fraction of water of 10, 30 and 50%

DES Oznaka Molarni omjer
Betain: jabuc¢na kiselina B-Ma 1:1
Betain: limunska kiselina B-Cit 1:1
Kolin klorid: jabucna kiselina CH-Ma 1:1

Kolin klorid: prolin: jabu¢na kiselina CH-Pro-Ma 1:1:1
Jabuc¢na kiselina: glukoza: glicerol Ma-Glu-Gly 1:1:1
Prolin: jabuc¢na kiselina Pro-Ma 1:1
Kolin klorid: limunska kiselina CH-Cit 2:1
Jabuc¢na kiselina: glukoza Ma-Glu 1:1

Mijerenje viskoznosti

Reoloska svojstva ispitivanih sintetiziranih eutektickih otapala odredena su na termostatiranom
Brookfieldovom reometru DV — 11l ULTRA primjenom koncentri¢nog vretena SC4-21, odnosno za
eutekticka otapala vecih viskoznosti (#>2 Pas), primjenom koncentrinog vretena LV4. Mjerenje
reoloSkih svojstava provedeno je pracenjem ovisnosti smi¢nog naprezanja, 7 0 smi¢noj brzini, y pri
maksimalnoj smié¢noj brzini od 182 s™, odnosno za eutekti¢ka otapala veéih viskoznosti do smi¢ne
brzine 5,67 s™. Mjerenja su provedena u temperaturnom podruéju od 288 do 328 K. Iz ovisnosti
smi¢nog naprezanja o smi¢noj brzini odreden je reoloski model ponasanja eutektickog otapala te
njegova viskoznost. Tocnost instrumenta za mjerenje viskoznosti sa koriStenim vretenima iznosi
+1,0%.

Mjerenje indeksa loma

Indeks loma eutekti¢kih otapala izmjeren je na Abbeovom refraktometru, Optech to¢nosti £0,0001 u
rasponu temperatura 288-328 K. Mjerenje indeksa loma svakog uzorka ponovljeno je tri puta te je
odredena srednja vrijednost.

Mjerenje pH vrijednosti i elektricne vodljivosti

pH vrijednost i elektri¢na vodljivost ispitivanih eutektickih otapala izmjerene su pomocu uredaja
WTW InoLab pH/Cond 740 (pH electrode SenTix 81; konduktometrijska elektroda: WTW Tetracon
325) u rasponu temperatura 288-328 K. Toc¢nosti uredaja za mjerenje pH vrijednosti iznosi +0,004
pH, a za mjerenje elektricne vodljivosti £0,0002 V. Za odrzavanje konstantne temperature
eutektickih otapala tijekom mjerenja koristen je ranije spomenuti termostat.
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Rezultati i rasprava

Svrha ovog rada bila je ispitati fizikalna svojstva: gustocu, viskoznost, elektri¢énu vodljivost, pH
vrijednost i indeks loma prirodnih eutektickih otapala sa razliCitim sadrzajem vode. Navedena
fizikalna svojstva, osim gustoce ispitana su za temperaturno podrucje od 288-328 K.

Gustocéa i viskoznost

Gustoca i viskoznost su osnovna fizikalna svojstva bitna u proracunima mehanizama prijenosa i za
dizajn kemijskih procesa. Eutekticke smjese velike gusto¢e u nekim su slucajevima nepogodne za
provodenje kemijskih procesa zbog negativnog utjecaja na mijeSanje i rukovanje procesom,
medutim veée razlike u gustoéama imaju pozitivan utjecaj npr. na proces ekstrakcije radi lakseg
razdvajanja faza. Gustoce 8 ispitivanih DESova sa razli¢itim sadrzajem vode izmjerene su pri 298
K. Vrijednosti gustoc¢a su u rasponu od 1130 kg m™ do 1500 kg m™ ovisno o sadrzaju vode i sastavu
cutekti¢kog otapala. Najvecéa vrijednost standardne devijacije za izmjerene gustoce iznosi +0,4 kg
m™. Gustoéa otapala ovisi o organizaciji molekula odnosno o molekulskoj masi i o tome koliko su
jake medumolekulske sile. Kada su eutekticka otapala, analogno ionskim kapljevinama, sastavljena
od Supljina i praznih prostora pa njihova fizikalna svojstva ovise o prostornoj orijentaciji molekula
te meduprostoru koji se formira.

Gustoca se smanjuje s povecanjem temperature zbog povecanja kineticke energije u sustavu pa je
smanjenje gustoce uzrokovano intenzivnijim gibanjem molekula i povec¢anjem slobodnog prostora
izmedu istih. Nadalje, ovisna je i o udjelu vode (slika 1.) te se smanjuje s poveéanjem njezinog
udjela, a dokazano je i da omjer organske soli i donora vodikove veze utjeCe na njezin iznos.
(Abbott i sur., 2003.).

1600 -
1500 + X #B-Ma
Ma-Glu-Gly
1400 -
2 =-CH-Ma
c 4 X
2 1300 - ¢ XB-Cit
Q = CH-Pro-M:
1200 - ‘. P o
* APro-Ma
1100 - CH-Cit
X Ma-Glu
1000 T . . r r
0 10 20 30 40 50

udio vode / mas %
Slika 1. Gusto¢e DES-a u ovisnosti o0 masenom udjelom vode pri 298 K
Fig. 1. Densities of DESs as function of the mass fraction of water at 298 K
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Najvecu gustocu ima ecutekticka smjesa Ma-Glu koja u svom sastavu ima molekule glukoze.
Poznato je da duzi ugljikovi lanci donora vodikove veze (HBD) reduciraju interakcije vodikovih
veza zbog prostornih smetnji §to rezultira znaCajnim smanjenjem gustoée. Najveca gustoca
eutekticke smjese Ma-Glu pripremljene s glukozom koja u svojoj strukturi ima 6 ugljikovih atoma,
moZe se objasniti velikom gustocom same glukoze (1534,5 kg m™ na sobnoj temperaturi) i
prstenastom strukturom koju molekula formira. Najmanje gustoce izmjerene su za eutekticke smjese
pripremljene sa kolin kloridom. Uz navedeno, znacajno je primijetiti da je gustoca Cistog kolin
klorida 1185,6 kg m™.

Viskoznost kapljevina u velikoj mjeri utje€e na odabir pogodnog otapala u nekom separacijskom
procesu. Odredivanjem reoloskih svojstava nadeno je da su sva ispitivana eutektiCka otapala
Newtonovski fluidi te je u cijelom temperaturnom podru¢ju ovisnost smi¢nog naprezanja,z o
smi¢noj brzini, ¥ linearna. Otapala velike viskoznosti nisu pogodna za pojedine procese jer mogu

uzrokovati poteSkoce u procesima mijesanja, filtriranja itd. Viskoznost eutektickih otapala moguée
je smanjiti pove¢anjem udjela vode ili povisenjem temperature (slika 2.).

2 -
4
L5 - @ 10% vode
3 30% vode
o 1
= A 50% vode
0.5 - g
4 . “
0 A T A T A T A T A‘I
280 290 300 310 320 330
T/K

Slika 2. Viskoznost eutekticke smjese CH-Ma sa razli¢itim udjelima vode u ovisnosti o temperaturi
Fig. 2. Temperature function of viscosity of eutectic solvent CH-Ma with different fraction of water

Pri vis§im temperaturama dolazi do poveéanja kineticke energije i vece pokretljivosti molekula te se
molekule mogu bolje opirati snaznim kohezivnih molekulskim silama. Viskoznost eutekti¢nih
otapala osim o sadrzaju vode i temperaturi ovisi i o kemijskoj prirodi komponenata tj. o vrsti soli,
donoru vodikove veze te jakosti veze kojom se oni povezuju (Yusof i sur., 2014). Medu ispitivanim
otapalima, najvecu viskoznost pokazuje eutekticka smjesa pripravljena od betaina i jabuc¢ne kiseline
(B-Ma). Ovaj rezultat je u skladu sa teorijom Yusofa i sur. prema kojoj je struktura HBD vazan
faktor u definiranju gustoce i viskoznosti. Naime, kad se broj ugljikovih atoma u lancu povecava,
viskoznost se takoder povecava, a gustoca eutekticke smjese smanjuje. Da bi se mogla izracunati
viskoznost u ovisnosti s temperaturom ili udjelom vode, eksperimentalno dobivene viskoznosti
korelirane su Arrheniusovim (1) i Vogel-Fulcher-Tamman (VFT) (2) modelom.
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U Arrheniusovom modelu (1) # je dinamicka viskoznost, 7o konstanta, E je Arrheniusova energija
aktivacije, R je konstanta idealnog plina i T je temperature u kelvinima. U VFT modelu (2) In %
logaritam dinamicke viskoznosti, T je temperature u kelvinima, a A, B, i T, su eksperimentalne
konstante. U Tablici 2. prikazane su vrijednosti parametara Arrheniusovog i VFT modela. Za sva
ispitana eutekticka otapala VFT model bolje opisuje promjenu viskoznosti s temperaturom.

Tablica 2. Vrijednosti parametara VFT i Arrhenius modela za ispitane DES-ove
Table 2. Parameters values of VFT and Arrhenius model for investigated DESs

Wi/ VFT ARRH
DES ; T E;
mas% A B/*10 To/K | Xln-ine) | . 0e | 7/ Pas D - e’
} 10 39,87 1,68 747,62 4,90-10° 3,79 | 2,11-10° 7,88
> 30 36,17 3,62 1220,98 3,86-10 3,19 | 1,14-10" 1,14-10"
= 50 25,97 3,59 145744 3,81-107 1,57 | 1,05-10° | 4,85-10°
. 10 25,96 1,02 677,29 1,01-10" 2,94 | 2,88:10° 1,07-10"
E %‘ 30 22,27 1,39 847,46 2,30-107 2,20 | 6,36:10° | 4,91-10"
= 50 19,04 1,92 1102,04 7,47-10° 2,05 | 1,87:10° | 9,28-107
o 10 31,63 1,43 742,83 2,39-107! 532 | 3,09:-10"° | 1,13-10"
E 30 24,87 2,77 1259,14 1,27-102 1,70 | 1,90-107° 1,99-10°
© 50 22,02 3,21 1467,5 8,17-10° 1,30 | 2,40-10° | 8,44-107
~ 10 38,59 1,41 671,74 4,80-10"" 346 | 29410 14,35
g 30 31,32 2,74 1098,24 4,53-107 2,89 | 5,00-107 | 1,99-10"
50 27,07 3,42 1358,99 3,65:107 2,04 | 1,62:10° | 4,25-107
s 10 37,47 1,68 747,68 3,87-10" 3,55 | 9,05-107 2,13
:E S| 30 | 2816 | 3,19 | 127892 1,02:107 | 2,15 | 2,09:10° | 4,73:10°
o 50 26,82 3,80 1462,83 2,02:10 2,00 | 9,05-107 2,71-107
© 10 36,64 1,69 759,76 1,66-10 3,51 | 8,79-107 4,06-10!
?-3 30 26,40 2,72 1186,58 1,78-107 2,10 | 3,08:10° 1,26-10°
A 50 22,18 2,98 1371,71 2,22:10 1,44 | 1,07-10° 7,01-107
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Indeks loma

Pomocu indeksa loma moze se brzo i jednostavno odrediti sadrzaj vode u otapalu uz poznavanje
bazdarnog dijagrama za dano otapalo. Opcenito se indeks loma mozZe koristiti za identifikaciju tvari
te odredivanje njihove ¢istoce odnosno koncentracije. Za sve ispitane eutekticke smjese indeks loma
linearno opada sa povecanjem sadrzaja vode. Sadrzaj vode u eutekti¢kim otapalima ima velik
utjecaj na smanjenje indeksa loma, zbog znatno manje vrijednost indeksa loma same vode.
Vrijednosti indeksa loma eutektickih otapala osim sa sadrzajem vode smanjuju se i s povecanjem
temperature. Zbog vise temperature dolazi do poveéanja kineticke energije u sustavu i slobodnog
prostora izmedu molekula §to doprinosi smanjenju indeksa loma. U tablici 3. prikazani su indeksi
loma svih eutektickih smjesa pri razli¢itom sadrzaju vode i temperaturi. Pri sobnoj temperaturi
najveca vrijednost indeksa loma 1,4786 izmjerena je za eutekticku smjesu CH-Pro-Ma sa 10%
vode,a najmanji indeks loma 1,3947 izmjeren je za eutektiCku smjesu Ma-Glu sa 50% vode.
Najveéa standardna devijacija viskoznosti za sve izmjerene eutekti¢ke smjese iznosi +0,0003.

pH vrijednost i elektricna vodljivost

pH vrijednost je fizikalno svojstvo znaéajno pri odabiru opreme i konstrukcijskih materijala u svim
kemijskim postupcima. pH vrijednost eutektickih otapala pokazuje linearnu ovisnost s promjenom
temperature. Kiselost ili bazi¢nost eutektickih otapala ovisi o prirodi soli, odnosno donoru vodikove
veze. Ovisnost pH vrijednosti o temperaturi ne prati nikakav odredeni trend, moze se uociti blago
rastuéi ili blago padajuci trend, no niti za jednu eutekticku smjesu nije uocena znatna promjena pH
unutar ispitivanog temperaturnog raspona. Slika 3. prikazuje promjenu pH vrijednosti sa sadrzajem
vode za razliCita eutekticka otapala pri 298 K.

4 -
3 - ¢ v
v 4B-Ma
X x x Ma-Glu-Gly
- 5 ] =CH-Ma
o
XB-Cit
CH-Pro-Ma
|- - Pro-Ma
- CH-Cit
X Ma-Glu
0 - ; - ' '
0 10 20 30 40 50

udio vode / mas %

Slika 3. pH vrijednosti DES-ova u ovisnosti o udjelu vode pri 298 K
Fig. 3. pH values of DESs as function of the mass fraction of water at 298 K
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Kod eutekti¢kih otapala s izrazito niskim vrijednostima pH (<1) vidljiv je rast pH s povecanjem

udjela vode, dok se kod eutektickih otapala ¢iji je pH visi (=3), pH smanjuje s povecanim udjelom
vode. Neka ispitana eutekticka otapala imaju izrazito niski pH kao §to su CH-Ma i CH-Cit (tablica
4.), a kod neki se vrijednost pH dodatno snizava povecanjem temperature (Ma-Glu-Gly) pa se takve
eutekticke smjese ne mogu uvijek koristiti te treba voditi racuna pri odabiru materijala i opreme
kako bi se izbjegle nezeljene oksidacije i korodiranje materijala.

Tablica 3. Indeksi loma eutektic¢kih otapala u temperaturnom podruéju 288-328 K
Table 3. Refractive indices of eutectic solvents in the temperature range 288-328 K

DES

Indeks loma

Indeks loma

T/K 10 mas 30 mas 50 mas DES | T/K 10 mas 30 mas 50 mas
% % % % % %
288 1,4756 1,4425 1,4067 288 1,4630 1,4369 1,3951
< 298 1,4734 1,4403 1,4049 - 298 1,4651 1,4350 1,3941
E 308 1,4714 1,3885 1,4029 z 308 1,4599 1,4343 1,3923
318 1,4698 1,4369 1,4016 318 1,4580 1,4309 1,3906
328 1,4679 1,4374 1,4001 328 1,4560 1,4280 1,3888
288 1,4782 1,4433 1,4065 288 1,4817 1,4401 1,4034
5 298 1,4769 1,4428 1,4049 CE? 298 1,4806 1,4391 1,4011
é 308 1,4749 1,4402 1,4032 c% 308 1,4786 1,4373 1,4000
§ 318 1,4729 1,4391 1,4023 5 318 1,4776 1,4366 1,3981
328 1,4705 1,4388 1,4003 328 1,4755 1,4343 1,3978
288 1,4762 1,4413 1,4102 288 1,4801 1,4351 1,3969
5 298 1,4742 1,4395 1,4089 § 298 1,4781 1,4339 1,3947
an 308 1,4724 1,4378 1,4069 o 308 1,4768 1,4320 1,3931
° 318 1,4708 1,4361 1,4054 = 318 1,4757 1,4306 1,3928
328 1,4681 1,4344 1,4039 328 1,4736 1,4300 1,3900
288 1,4749 1,4398 1,4068 288 1,4590 1,4473 1,4398
< 298 1,4730 1,4376 1,4048 ] 298 1,4570 1,4452 1,4380
i 308 1,4712 1,4359 1,4031 (Z?, 308 1,4549 1,4433 1,4352
° 318 1,4698 1,4339 1,4014 = 318 1,4519 1,4416 1,4367
328 1,4680 1,4320 1,3994 328 1,4509 1,4404 1,4336
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Tablica 4. pH vrijednosti i elektri¢na vodljivost eutektickih otapala za razli¢ite udjele vode u

temperaturnom podrucju 288-328 K

Table 4. pH values and conductivity of eutectic solvents for different fraction of water in
temperature range 288-328 K

70

pH vrijednost x/Sm’

DES T/K 10 mas% 30 mas% 50 mas% 10 mas% 30 mas% 50 mas%
288 3,39 3,40 2,95 0,028 0,088 0,326

~ 298 3,16 3,07 2,88 0,085 0,145 0,474
2. 308 2,98 3,20 2,76 0,204 0,228 0,637
m 318 2,83 3,01 2,61 0,337 0,329 0,835
328 2,62 2,90 2,50 0,617 0,430 1,049

288 1,38 1,30 1,65 0,002 0,016 0,108

é 298 1,01 1,15 1,45 0,005 0,025 0,143
C{i g 308 0,75 0,97 1,28 0,013 0,034 0,179
= 318 0,58 0,82 1,13 0,033 0,046 0,214
328 0,37 0,67 0,98 0,070 0,065 0,248

288 0,63 0,88 1,11 0,154 2,170 5,160

-5 298 0,62 0,93 1,16 0,204 2,390 5,330
] 308 0,62 0,96 1,18 0,262 2,600 5,470
© 318 0,65 0,97 1,19 0,339 2,780 5,560
328 0,67 0,98 1,18 0,433 2,930 5,570

288 0,22 0,55 1,10 0,041 1,704 4,480

§ 298 0,23 0,67 1,06 0,052 1,921 4,630
o 308 0,27 0,75 1,10 0,074 2,110 4,760
@) 318 0,31 0,77 1,11 0,088 2,250 4,860
328 0,34 0,78 1,11 0,106 2,341 4,930

288 2,81 2,77 2,75 0,006 0,132 0,385

= 298 2,63 2,60 2,59 0,016 0,218 0,540
Q 308 2,46 2,44 2,44 0,043 0,369 0,709
- 318 2,29 2,30 2,26 0,123 0,581 1,006
328 2,15 2,15 2,12 0,312 0,757 1,315

288 3,63 3,35 2,95 0,094 1,252 2,610

é 298 3,62 3,21 2,97 0,132 1,771 2,780
; § 308 3,65 3,08 2,99 0,187 2,400 2,930
@) 318 3,63 2,95 3,02 0,248 3,140 3,030
328 3,58 2,80 3,03 0,307 3,980 3,090

288 2,17 2,87 2,86 0,015 0,277 0,527

§ 298 2,24 2,67 2,67 0,038 0,429 0,732
& 308 2,23 2,57 2,56 0,072 0,606 0,952
& 318 2,22 2,42 2,42 1,027 0,828 1,191
328 2,19 2,29 2,28 1,093 1,056 1,459

288 0,37 0,45 0,76 0,002 0,007 0,043

= 298 0,41 0,49 0,76 0,003 0,014 0,046
(:'2 308 0,46 0,55 0,77 0,003 0,017 0,053
= 318 0,46 0,68 0,79 0,005 0,022 0,060
328 0,46 0,67 0,81 0,006 0,025 0,064
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Elektri¢na vodljivost ovisi o ionima prisutnim u otapalu, njihovoj mobilnosti i valencijama tih iona.
Vodljivost je kao i ostala fizikalna svojstva izmjerena pri razli¢itim temperaturama i udjelima vode.
Za sve ispitane eutektiCke smjese elektriéna vodljivost linearno raste s porastom temperature, a tako
i sa povecanjem udjela vode (tablica 4.). Zbog velike viskoznosti vecina eutekti¢kih otapala
pokazuje niske vrijednosti elektri¢ne vodljivosti (manje od 0,2 S m™ pri sobnoj temperaturi). Sastav
eutektickog otapala, odnosno vrsta soli i donora vodikove veze utjeCe na viskoznost pa tako i na
elektricnu vodljivost otapala (Klamt i sur., 2010). Moze se re¢i kako elektrina vodljivost
razrijedenih eutektickih smjesa poprima vecée vrijednosti s poviSenjem temperature jer se kineticka
energija u sustavu povecava Sto dovodi do poveéanja elektri¢ne vodljivosti i kako je ve¢ spomenuto
do smanjenja viskoznosti. Eutekticke smjese pripremljene s kolin kloridom (CH-Cit, CH-Ma i CH-
Pro-Ma) pokazuju vecu ovisnost o sadrzaju vode. Vodljivost otapala CHCit sa 50% vode dosegne
vrijednost od 5,57 S m™', a moze se primijetiti kako ta eutektitka otapala imaju izrazito niske
vrijednosti pH. Medutim, vodljivost eutektickih smjesa pripremljenih od glukoze (Ma-Glu-Gly i
Ma-Glu) se nije znagajno promijenila s poveéanjem udjela vode (0,002-0,248 i 0,002-0,064 S m™),
a pH vrijednost Ma-Glu je izrazito niska (pH <1). Umjerene vrijednosti elektriéne vodljivosti
otapala rezultat su smanjene pokretljivosti iona zbog vecih iona ili zbog njihovog uparivanja i
slaganja u nakupine koje onda dovode do smanjenja raspolozivih nositelja naboja (Maugeri i sur.,
2014).

Zakljucci

U ovom je radu pripravljeno osam prirodnih niskotemperaturnih eutektickih otapala, te su im
eksperimentalno odredena sljedeca fizikalna svojstva: gustoca, viskoznost, elektri¢na vodljivost, pH
vrijednost i indeks loma. Sastav eutektickog otapala, odnosno vrsta soli i donora vodikove veze
utjeCu na njegova fizikalna svojstva. Gustoca, viskoznost i indeks loma, opadaju s porastom
temperature i udjelom vode, dok je suprotan efekt uocen kod elektri¢ne vodljivosti. Temperatura ne
utjee znatno na pH. Medutim, uoceno je da kiselost otapala utjeCe na ovisnost udjela vode o pH,
tako da za otapala ¢iji je pH < 1, pH raste s povecanjem udjela vode, dok se kod eutekti¢kih smjesa

¢iji je pH visi (=3), pH smanjuje s poveéanjem udjela vode. Ovisnost viskoznosti o temperaturi
uspjesno je opisan Vogel-Fulcher-Tamman modelom.
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Phyisical properties of natural deep eutectic solvents
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Summary

Selection of appropriate solvents in industrial processes is a demanding process since the use of
conventional, volatile and flammable organic solvents may cause risk to human health, the
environment, or the problem with their disposal For this reason, research and application of natural
deep eutectic mixture in different processes, represents an important step to reduce the negative
influence of usage of organic solvents. Besides environmental health and safety advantages natural
deep eutectic solvents are prepared from cheep, nontoxic and easily available raw materials and
have infinitive possibilities of combining donors and acceptors of hydrogen bonds. Research on
these solvents is on the beginning and data about their physical properties is still insufficient. Since
their inchoate application in industry and infinitive possibilities of combining donors and acceptors
of hydrogen bonds, data of their physical properties are still missing. In this study, density,
viscosity, electrical conductivity, refractive indices and pH values of eight prepared natural deep
eutectic solvents were determined as functions of temperature from 288 to 328 K. The influence of
water content on mentioned physical properties was also defined. Prepared eutectic mixtures show
Newtonian’s behaviour, whose relative density ranging from 1130 to 1500 kg m™ depending on the
added content of water. The decreasing trends in the values of viscosities and refractive indices with
increasing temperatures and water content were observed, while the electrical conductivity shows
the opposite trend. The dependence of the refractive index, pH and electrical conductivity with
temperature change is linear. The change in viscosity with temperature is described Arrhenius and
Vogel-Fulcher -Tamman equation.

Keywords: deep eutectic solvents, density, electrical conductivity, pH value, refractive index,
viscosity.
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Izvorni znanstveni rad

Matematicko modeliranje uzgoja morskih mikroalgi
Branka Gotovacz, Antonija Kacuni¢!, Davor Rugi¢!”

Sveuciliste u Splitu, *Zavod za kemijsko inZenjerstvo, *Katedra za matematiku,
Kemijsko-tehnoloski fakultet, R. Boskovica 35, 21000 Split, Hrvatska
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Sazetak

Ovaj rad prilog je sustavnom inZenjerskom istrazivanju u marikulturi s teorijskog motrista.
Tematikom pripada podruc¢ju matematickog modeliranja bioloSkog procesa uzgoja morskih
mikroalgi. Za biolosko-inzenjersku znanost od znacaja je poznavanje kinetickih modela. U radu je
prezentirana metodologija njihovog razvoja utemeljena na podacima koji su rezultat simulacije.
Polaziste su bioloske faze: faza indukcije, eksponencijalna faza, faza usporenja rasta, stacionarna
faza i faza odumiranja stanica. Procijenjeni su prijelazi jedne faze u drugu (koncentracija i vrijeme)
i korelacijsko-regresijskom analizom definirane su analiticke funkcije za svaku od faza. Kineticki
modeli faza razvijeni su deriviranjem funkcija. Navedeni slijed je preduvjet iznalazenja
integracijskih konstanti. Naime, koncentracija i vrijeme prijelaza postaju pocetni uvjeti uz
diferencijalne jednadzbe dobivene deriviranjem analitickih funkcija. Njihova rjeSenja utemeljena na
pocetnim uvjetima u potpunosti matematicki definiraju kinetiku faza. S obzirom da je uzgoj algi
vremenski kontinuirani bioloski proces i da predstavlja “cjelinu”, primijenjena je matri¢na algebra
kojom su objedinjene sve matematicke formulacije, a predstavljaju svojevrsni “matematicki preslik”
fenomena bioloskog procesa.

Kljucne rijeci: uzgoj morskih algi, matematicko modeliranje, kineti¢ki modeli bioloskih faza,
matri¢ni model.

Uvod

Matematicko modeliranje fenomena bioloskih procesa spada u matematicko formuliranje
numerickih rezultata bioloskih istrazivanja. Ovim se matematicki kvantificiraju bioloski fenomeni iz
kojih je moguée dobiti cjelovitiji uvid te se mogu donijeti mozebitni vazni zakljuéci korisni za
osnovnu biolosku znanost. Stoga je matematicko modeliranje bioloSkoj znanosti u stanovitoj mjeri
doprinos sagledavanju istrazivane problematike. Bioloski sustavi, ako se Zele sagledati s
inZenjerskog aspekta, nuzno zahtijevaju fazu matematickog modeliranja. Modeliranje procesa
najcesce se temelji na obi¢nim ili parcijalnim diferencijalnim jednadZzbama sa zadanim pocetnim ili
rubnim uvjetima. Obi¢no se formuliraju iz bilanci tvari i energije. Njihov oblik i uvjeti odredeni su
fenomenologijom odvijanja sustava koji se istrazuje. IstraZivani sustav mijenja bioloski mehanizam
§to se ocituje na grafiCkom prikazu koncentracijske funkcije c(t) = f(t) (Couteau, 1996).
Analizom grafa funkcije moguce je zakljuciti na postojanje vise mehanizama koji se slijedno
smjenjuju. Na slici 1. su dane logaritmirane vrijednosti koncentracija (log ). Ovim su dobivene
vrijednosti u prihvatljivijoj formi za numericko citanje i za opis eksponencijalne faze.
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'g 1 - faza indukcije 5
.? 2 2 - eksponencijalna faza
é 3 - faza usporavanja rasta
ED 4 - stacionarna faza
5 - faza odumiranja
1

vrijeme uzgoja
Slika 1. Skica grafa funkcije uzgoja algi (Couteau, 1996)
Fig. 1. Micro-algae cultivation function graph (Couteau, 1996)

Materijali i metode

Razvoj matematickog modela

U radu se pretpostavilo da se po ovoj shemi vlada mikroalga dunaliella tertiolecta koja ima Zivot 3-
4 tjedna te da se postize koncentracija 4000 stanica/uL. Prema slici 1., simulirani su podaci
koncentracija-vrijeme. Prikaz simuliranih podataka dan je na slici 2. Vrijeme, t, je dano u danima, a
koncentracija, C, je izrazena u broju stanica po pL. Iz grafi¢kih prikaza uocavaju se dva perioda:
faza «zivota» i faza odumiranja. Matematickim modeliranjem nije moguée pronaci analiticku
funkciju koja bi opisala proces uzgoja u potpunosti. S obzirom da postoji pet uzgojnih faza, ocito je
da se radi o bioloSkom procesu koji mijenja svoj uzgojni mehanizam. Stoga se za matematicki opis
uzgoja predlaze kompleksan model koji ukljucuje bioloske faze uzgoja ponaosob (Dabi¢ i sur.,
2000).
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Slika 2. Grafi¢ki prikaz simuliranih podataka.
Fig. 2. Graphical representation of simulated data.
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Rezultati i rasprava

Logaritmiranjem vrijednosti simuliranih podataka koncentracije sa slike 2., dobivaju se podaci koji
graficki slijede iste zakonitosti kao oni ilustrirani na slici 1., a §to je i bio primarni cilj simulacije.
Graficki prikaz logaritmiranih vrijednosti dat je na slici 3.
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Slika 3. Grafi¢ki prikaz logaritmiranih vrijednosti simuliranih podataka.
Fig. 3. Graphical representation of logarithmic values of simulated data.

Iz svega iznesenog, evidentno je da je proces uzgoja moguce opisati koncentracijskom funkcijom
koja je rastu¢a u prvom dijelu. Dalje je koncentracijska funkcija konstantna, a nakon toga padajuca.
U prvom dijelu vazno je istaknuti postojanje tocke infleksije izmedu konveksnog i konkavnog dijela
grafa funkcije (Bacci i sur., 2011). Ovo umnogome odreduje metodologiju matemati¢kog
modeliranja koja se oslanja na bioloske fenomene naznacene u sazetku rada.

Modeliranje zahtijeva iznalazenje funkcija za svaku od faza. Za utvrdene bioloske faze, funkcije se
dobivaju aproksimacijom, uvazavajuci tijek grafa koncentracijske funkcije shematski prikazane na
slici 1. Ovim su stvorene pretpostavke za razvoj modela. S obzirom da kori$teni alat (Mathcad) ima
svoja ograni¢enja, bilo je potrebno vrijeme faza obiljeZiti kako je prikazano u tablici 1.

Tablica 1. Oznake za vrijeme za pojedine faze.
Table 1. Cultivation phases time tags.

Uzgojna faza Oznaka za vrijeme
Indukcijska faza j
Exsponencijalna faza k
Faza usporavanjatstacionarna faza p
Faza odumiranja u

Korelacijsko-regresijskom analizom podataka sa slike 2. aproksimirane su koncentracijske funkcije
za pojedine faze te njihovi logaritmirani oblici. Dobiveni modeli su navedeni u tablici 2.
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Tablica 2. Funkecije uzgoja i njihove logaritmirane forme.
Table 2. Growth functions and their logarithmic forms.

Uzaoina faza Koncentracijske
goJ funkcije

Indukcijska faza 200 + 53
Eksponencijalna faza 18.9 - 05k
Faza usporavanja + 4-103
stacionarna faza 14+10%4-eP

o —2.75-10*
Faza odumiranja s . 2.75.10%

y 345 u+2.75-10

Uzgojna faza Logaritmirane koncentracijske funkcije
Indukcijska faza log(200 + j3)
Eksponencijalna faza log(18.9 - e%5%)
Faza usporavanja + o 4-10°
stacionarna faza g 1+10%-e7P

L —2.75-10*
Faza odumiranja 1 —gzs Ut 2.75-10*

Graficki prikazi koncentracijskih funkcija i njihovih logaritamskih formi za pojedine faze dani su na
slikama 4. i 5. Iz slike 4. je utvrdena mogucénost posebnog opisa faze usporenja od stacionarne faze.
Za ovu fazu bila je koristena funkcija d(z)=4000 s podrugjem definicije [14,3.9-10°]. U tom slucaju
logisticka funkcija koristila bi se samo za fazu usporavanja. Pokazalo se da logisticka funkcija bolje
opisuje zajedno obje faze zbog Cega se predlaze ovaj pristup. Isto je potvrdeno i na logaritmiranim
formama koncentracijskih funkcija. Zbog preglednosti, slika 4. i slika 5. su graficki prikazane ve¢im
formatom od slike 2. i slike 3., a imaju iste vrijednosti nezavisne i zavisnih varijabli. Iz prikaza
podataka na slici 2. procijenjene su toc¢ke prijelaza jedne faze u drugu. Koncentracijske funkcije u
tocki prijelaza imaju istu vrijednost za tu fazu i fazu koja slijedi. Izjednacavanjem vrijednosti tih
funkcija racuna se vrijeme u kojem dolazi do smjene faza, a time i koncentracija prijelaza jedne faze
u drugu. Rezultati izraCuna dani su u tablici 3. Na temelju simuliranih podataka prikazanih na slici
2. te podataka navedenima u tablicama 1. do 3., stvoreni su preduvjeti razvoja slozenog kinetickog
modela uzgoja.

Za cjelovitiji uvid u kinetiku uzgoja joS$ je jedan fenomen kinetickog procesa vazan. Pazljivom
analizom sheme na slici 1. uoceno je postojanje ve¢ spomenute tocke infleksije. Do ove tocke
koncentracijska funkcija je konkavna nakon cega mijenja zakrivljenost.
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Slika 4. Graficki prikaz koncentracijskih funkcija za pojedine faze
Fig. 4. Graphical representation of concentration functions for different cultivation phases
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Slika 5. Graficki prikaz logaritamske forme koncentracijskih funkcija za pojedine faze
Fig. 5. Graphical representation of logarithmic form of concentration functions for different
cultivation phases

Pored rasta koncentracije algi, evidentno je da je i rast ubrzan, pa vrijedi d(dc/dt)/dt>0. Od tocke
infleksije koncentracija i dalje raste, ali usporeno, dakle vrijedi d(dc/dt)/dt<0. Slijedi podrucje

kada se koncentracija ne mijenja. Prethodno iznesenim, stvoreni su preduvjeti za opis kinetickih
fenomena u vremenu «Zivotay mikroalgi. Za napomenuti je da toc¢ka infleksije odgovara tocki
prijelaza iz eksponencijalne faze u fazu usporavanja sto je u skladu s bioloskim istrazivanjem.
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Tablica 3. Vrijednosti vremena i koncentracija prijelaza jedne faze u drugu
Table 3. Time and concentration values of phase transitions

Prijelazi faza Cp ty

Indukcijske u eksponencijalnu fazu 462.2 6.385
Eksponencijalne u fazu usporavanja + stacionarnu fazu 2.751-10° 9.889
Faze usporavanja + stacionarne faze u fazu odumiranja 410° 29.482

Kineticki modeli razvijaju se iz koncentracijskih modela danih u tablici 2. Deriviranjem
koncentracijskih funkcija dobivaju se obi¢ne diferencijalne jednadzbe s pocetnim uvjetima ,
navedene u tablici 3. Postupak je ilustriran na oglednom primjeru za eksponencijalnu fazu:

d
el . 0.5k — . 0.5k 1
7 (189:¢%5) =945 ¢ (1
tj.
dc
ot . ,0.5k 2
T = 945¢e 2)
Pocetni uvjeti: k= 6.385, ¢ =462.2
c= j9.45 -5k gk 3)
c=189-e%k + K, 4)
K, = c—18.9- %5 5)
K, = —3.486-107* (6)

Nakon odredivanja integracijske konstante, koncentracijska funkcija dobivena iz kinetickog modela
moze se zapisati kao:

c=18.9¢%% —3.486-107* (7

Analogno gornjem postupku, dobiju se i ostale funkcije. 1z tablice 4. proizlaze kineticke zakonitosti
navedene u tablici 5. Graficki prikaz kinetickog modela uzgoja dan je na slici 6. Funkcija uzgoja
slozena je od Cetiri funkcije ¢ije su dodirne tocke ujedno i prijelazi faza. S obzirom na to da je faza
usporavanja rasta i stacionarna faza opisana logistickom funkcijom, tri su tocke prijelaza. Ovako
formulirana funkcija uzgoja omoguéava kontinuirani tok kineticke funkcije. Razlog tome je okoli§
toCke prijelaza koncentracijske faze u fazu koja slijedi, a gdje su promjene koncentracije manje ili
viSe znacajno izrazene.
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Tablica 4. Pregled vaznijih elemenata postupka izvodenja koncentracijskih funkcija iz kineti¢kih
modela
Table 4. Overview of the important steps in obtaining the concentration functions from kinetic

models

Uzaoine faze Derivacije koncentracijskih funkcija Vremena prijelaza i
90J dobivenih iz korelacijsko-regresijske analize integracijske konstante
d i=0
- ad i3 J
Indukcijska faza T (200 +j°) K, = 200
Eksponencijalna d 0.5k k = 6.385
faza g5 (189-¢%°) K, = —3.486- 10~
Faza usporavanja + da 4-10° p = 9.889
stacionarna faza dp\1+10%-e7? K; =1.886-103
d (-2.75-10* u = 29.482
o a (—2./5-10% 104 .
Faza odumiranja du( 345 u+2.75-10 ) K, = 2.75 - 10*

Tablica 5. Kineti¢ki modeli i iz njih izvedene koncentracijske funkcije
Table 5. Kinetic models and concentration functions derived from them

Oznake za . . .

Uzgojne faze kineticke Kineticki modeli Koncentracijske funkcije dobivene
iz kinetickih modela
modele
Indukcijska faza d,(j) 352 200 + 3
Eksponencijalna faza dy (k) 9.45 - 05k 18.9 - %% — 3.486-107*
Faza usporavanja + s (p) 4-107-¢7P 4-103 5
stacionarna faza 3P (1+10%- e P)2 17107 ¢-» T 1:886°10
—275.10%

Faza odumiranja da () ~797.101 % w+ 27510

U nastavku su podaci uzeti iz tablice 3. i slike 4. Naime, za prijelaz koncentracijske funkcije iz
indukcijske faze u eksponencijalnu funkciju vrijedi:

CAGE+200) A(18.9-e05K)
lim ——— == lim T

Aj—0 Aj Ak—0

®)

pa je prijelaz kinetickih funkcija priblizno kontinuiran. U tocki infleksije grani¢ne vrijednosti

mijenjaju predznak, tj.

80

A(18.9 - e95K)
_—>

0
Ak

lim
Ak—0
4-10%

s e rape

©)

(10)




International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Kemijsko i biokemijsko inZenjerstvo / Chemical and Biochemical Engineering

Zbog ovog kineticka funkcija ima u tocki infleksije maximum. Na prijelazu stacionarne faze u fazu
odumiranja, drasti¢na je promjena grani¢nih vrijednosti:

103 (275 10*
T 10t o7 i\ 345

‘u+2.75- 104> (11)
Sto se vidi iz kineticke funkcije. 1z tog razloga je kineticka funkcija za odumiranje algi u
negativnom podrucju. Gore izneseno je razlog prekida na grafickoj prezentaciji kinetike ciklusa
uzgoja. Potrebno je istaknuti da je logistickom funkcijom moguce opisati i fazu odumiranja §to je
prikazano na slici 5. Ovim bi bile obuhvacene tri faze. S obzirom da se u radu zeli dati matematicki
algoritam za procese koji mijenjaju mehanizme, ovome nije u radu dat znacaj. Isto tako mala
promjena vrijednosti parametara znacajno djeluje na vrijednost logisticke funkcije. Dakle, ova
funkcija bi bila gruba aproksimacija. Zbog toga je koriStena u podrucju od pocetka eksponencijalne
do kraja stacionarne faze te nije ukljucena u formuliranje kinetickog modela na slici 6.
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Slika 6. Graficki prikaz kinetickog modela uzgoja algi
Figure 6. Graphical representation of kinetic model of algae cultivation

Verifikacija koncentracijskog modela

Uvid u tocnost kinetickog modela verificira se usporedbom empirijskih funkcija dobivenih
korelacijsko-regresijskom analizom (slika 4.) i koncentracijskih funkcija dobivenih integracijom
diferencijalnih jednadzbi (tablica 5., slika 7.). sa simuliranim podacima.

Matricni opis

Matri¢ni opis odnosi se na matricno modeliranje u trenutku kad je uzgojni ciklus zavrsen, tj. kad je
prosao sve uzgojne faze. Modeliranje se temelji na definiranju matrica u kojima su zapisani
matematicki modeli svake od uzgojnih faza. U tom smislu prislo se na dva nacina.

U prvom, za pet uzgojnih faza, odnosno cetiri, buduci su objedinjene faza usporavanja i stacionarna
faza, definirane su Cetiri dijagonalne matrice. Njihov produkt je rezultantna matrica koja na glavnoj
dijagonali kao elemente ima matematicke modele za svaku od faza.
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Ukoliko se produktu dijagonalnih matrica pridruze parametri modela, matriéni model je u
potpunosti definiran. Uvid u stanje sustava omogucava rezultantna matrica kojoj su elementi glavne
dijagonale numericke vrijednosti modela. Za verifikaciju modela odabrani su navedeni ulazni
podaci. Rezultati modeliranja mogu se usporediti s vrijednostima na slici 4. Dakle, matri¢ni model
zadovoljava elementarni algoritam programiranja (unos ulaznih podataka, zakonitost njihove
matematicke obrade, izlazni podaci). Kao alternaciju predlaze se model koji je temeljen na
matri¢énim vektorima s istim osnovnim algoritmom. Za ilustraciju dat je koncentracijski matri¢ni
model. Po istom algoritmu moguée je matri¢no modelirati logaritamski i kineticki model.
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Slika 7. Koncentracijske funkcije faza dobivene rjeSenjem kinetickih modela
Fig. 7. Concentration functions obtained by solving the kinetic models
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Model razvijen dijagonalnim matricama

Proracun je preuzet iz koristenog alata (Mathcad).

Ulazni podaci: j:=5, k:=7, p:=15, u:=32.

U proracun je uzeto 5 parametara iz tablice 2. prethodnom redukcijom parametara.

i=1.5
200
0.5
Ci= 189
4000
—-797.101
#+c, 00 0\ /1 0 0 0 é 2 g 8
0 10 0)|.[0 Crek 0 0, Ca
0 01 0 0 0 10 0 0 ———— 0
1+ 10%-e7?
0 0 0 1 0 0 01 \0 0 0 1/
1 00 0
01 0 0
0 0 1 0
0 0 0 Cgru+275-10*
i3+ ¢y 0 0 0
0 Cyrelek 0 0
0 0 Ca 0
\ 100007 + 1 /
0 0 0 Cs-u+2.75-10%
325 0 0 0
_| 0 625882 0 0
0 0 3.988- 103 0
0 0 0 1.993-103
Model razvijen matricnim vektorima
U proracun je uzeto svih 7 parametara iz tablice 2.
Ulazni podaci: j:=5, k:=7, p:=15, u:=32
i=1.7
200
18.9
0.5
o 4000
t 10000
—2.75-10*
34.5
2.75-10%
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200 + j3
18.9 - 05k
| 4-103
1+10%-eP
27510 4275+ 100
345 ‘T4
-3 +
Jora 325
e 3 Cy
. _ [ 625882
— 3.988 - 10°
\e "5t 1/ 1.993- 103
u- C6 + C7

Zakljukci

U radu je ilustrirana simulacija ciklusa uzgoja algi na temelju koje je razvijen matematicki model.
Radi se o funkciji uzgoja koja je sloZzena od vise funkcija odredenih fenomenima bioloskih faza.
Osnova su empirijske funkcije koje se slijedno smjenjuju. Za nastavak modeliranja nuzno je utvrditi
vrijeme i koncentraciju smjene faza. Ove tocke postaju pocetni uvjeti uz diferencijalne jednadzbe
¢ija analiticka rjeSenja daju kineticke modele. Takoder, moguce je iz koncentracijskog i kinetickog
modela utvrditi u kojim je vremenima i bioloskim fazama proces ubrzan, ili se usporava, ili nema
promjene brzine. Koncentracijske funkcije, njihove logaritmirane forme i kineticke funkcije,
ponaosob je moguce izraziti matricno. Promjenom ulaznih podataka sagledava se stanje procesa u
bilo kojoj fazi i bilo kojem vremenu u slucaju kad je istrazen i numericki opisan ukupan bioloski
ciklus. S obzirom da se radi o simulaciji, u realnim uvjetima laboratorijskih prac¢enja procesa ili
pracenja procesa u uzgajalistima, funkcije i njihovi parametri moraju biti prilagodeni izmjerenim
podacima. Predlozena simulacija daje samo jednu od moguéih pristupa matemati¢kog opisa
uzgojnog procesa. Ukoliko se opisuje neki drugi sustav na raspolaganju su druge matriéne forme i
algebra, ovisno o specificnim fenomenima sustava koji se istrazuje.

Zahvala: Ovaj rad je dio projekta IP-11-2013-8959 HETMIX (2014.-2018.) kojeg financira
Hrvatska zaklada za znanost.
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Mathematical modeling of marine micro-algae cultivation
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Summary

This paper presents a contribution to the systematic engineering research in mariculture from a
theoretical point of view. The theme itself belongs to the field of mathematical modeling of
biological processes of growing marine microalgae. Knowledge of the kinetic model is imperative
when it comes to bio-engineering sciences. Thus, this paper presents a methodology on model
development based on simulated data.

The starting point for the development of the model are biological phases: induction phase,
exponential phase, phase of declining relative growth, stationary phase and the phase of cell death.
Transitions between the phases are estimated (both concentration and time) and analytic functions
for each phase were defined by correlation-regression analysis. Kinetic models have been developed
by derivation of the mentioned analytic functions. This way it is possible to determine the
integration constants. Concentration and time represent the initial conditions with differential
equations obtained by deriving the analytic functions. Solutions based on those initial conditions
mathematically define the phase kinetics completely. Considering that the algae cultivation is a
continuous biological process which can be considered as a whole, matrix algebra was applied by
which all of the mathematical formulations were combined thus representing a “mathematical
image” of the biological process phenomenon.

Keywords: micro-algae cultivation, mathematical modelling, kinetic models of biological process,
matrix model
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Izvorni znanstveni rad

Primjena ionskih kapljevina i eutektickih otapala u ekstrakcijskoj
desulfurizaciji i denitrifikaciji
Kristina Zagajski Kuéan, Marko Rogogi¢, Aleksandra Sander

Sveuciliste u Zagrebu, Fakultet kemijskog inZenjerstva i tehnologije,
Maruli¢ev trg 19, 10000 Zagreb, Hrvatska
“Dopisni autor: asander@fkit.hr

Sazetak

U posljednjem se desetljeCu moZe uociti trend porasta svjetske potro$nje energije, $to u prometnom
sektoru znaci stalan porast potro$nje fosilnih goriva, a time i poveéane emisije produkata izgaranja
koji nepovoljno utjecu na okoli§ te su odgovorni za klimatske promjene. Komercijalni industrijski
procesi hidrodesulfurizacije i hidrodenitrogenacije ekoloski su i energetski nepovoljni, §to je dovelo
do razvoja alternativnih metoda za dobivanje goriva potrebne kvalitete. Jedna od njih koja se u
velikoj mjeri istrazuje je ekstrakcija kapljevina-kapljevina. Razvoj i izuzetna svojstva ionskih
kapljevina i niskotemperaturnih eutektickih otapala omoguéili su njihovu primjenu u ekstrakciji.
Poznavanje fizikalno-kemijskih svojstava i fazne ravnoteZe kapljevina-kapljevina omogucava
evaluaciju primjenjivosti otapala u procesu ekstrakcije. U ovom su radu eksperimentalno odredene
fazne ravnoteze kapljevina-kapljevina u kojima su tiofen i piridin prisutni kao klju¢na komponenta,
n-heksan kao primarno otapalo te ionske kapljevine, odnosno niskotemperaturna eutekti¢ka otapala
kao sekundarno otapalo. Na temelju koeficijenata raspodjele i selektivnosti procijenjena je
mogucénost primjene tih otapala u procesima separacije sumporovih i dusikovih spojeva iz njihove
smjese s N-heksanom. Vrijednosti koeficijenata raspodjele vece su za sustave s ionskim
kapljevinama, a niskotemperaturna eutekticka otapala su selektivnija. Obje vrste ekoloski
prihvatljivih otapala imaju potencijal za primjenu u procesima desulfurizacije i denitrifikacije
motornih goriva.

Kljucne rijeci: denitrifikacija, desulfurizacija, ekstrakcija kapljevina-kapljevina, niskotemperaturna
eutekticka otapala, ionske kapljevine

Uvod

Prema definiciji, zelena otapala su otapala koja imaju minimalan negativan utjecaj na okolis, a koji
proizlazi iz upotrebe tih otapala u proizvodnji. Vecina industrijskih procesa koristi Stetna organska
otapala. Da bi takav proces bio ekoloski prihvatljiv, potrebno je Stetna otapala zamijeniti otapalima
s povoljnijim EHS (environmental, health and safety) svojstvima, biootapalima, superkritiénim
fluidima, ionskim kapljevinama ili niskotemperaturnim eutektickim smjesama (Capelo i sur., 2007).
Ionske su kapljevine organske soli koje su pri sobnoj temperaturi u kapljevitom stanju (Earle i
Seddom, 2000). lonske se kapljevine sastoje od kationa i aniona, te posjeduju visok stupanj
nesimetricnosti zbog cega je onemogucena njihova kristalizacija.
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Niskotemperaturne eutekti¢ke smjese su smjese donora i akceptora vodikove veze s tali§tem nizim
od taliSta pojedinacnih komponenti (Abbott i sur., 2011). Obje vrste otapala posjeduju sli¢na
svojstva. Svojstva najznacajnija za njihovu primjenu u separacijskim procesima su: nezapaljivost,
zanemariv tlak para, kemijska i toplinska stabilnost te visok kapacitet otapanja razli¢itih vrsta tvari
(Freemantle, 1998). Osim toga, relativno ih je jednostavno regenerirati, pa ¢ak i viSestruko koristiti
bez prethodnog procis¢avanja (Anugwom i sur., 2011, Shu i Sun, 2016). Sposobnost podesavanja
svojstava obje vrste otapala jednostavnom zamjenom kationa ili aniona, odnosno donora ili
akceptora vodikove veze omoguéava im Siroku primjenu, tako da su naSle svoje mjesto i u
procesima obrade motornih goriva (Pena-Pereira i Namie$nik, 2014). Sumporovi i duSikovi spojevi
prisutni u nafti u velikoj su mjeri odgovorni za smanjenje efikasnosti pojedinih procesa jer zasicuju i
truju katalizatore. Benzin i dizelsko gorivo koji sadrze prevelike koncentracije sumporovih,
dusikovih i1 aromatskih spojeva tijekom izgaranja proizvode ispusne plinove koji sadrze znatne
koncentracije SO, NO,, CO, CO,, ugljikovodika te ¢vrstih Cestica te doprinose onecis¢enju okolisa
(Song, 2003). Sumporovi i dusikovi oksidi odgovorni su za stvaranje smoga, kiselih kisa, ¢vrstih
Cestica, smanjenu vidljivost te globalno zatopljenje. Zbog toga je zakonska regulativa orijentirana
smanjenju maksimalno dopustenih koncentracija tih spojeva. Najc¢esce koristen komercijalni proces
desulfurizacije ugljikovodi¢nih smjesa je hidrodesulfurizacija (HDS) (Stanislaus i sur., 2010). S
obzirom na to da reaktivnost sumporovih spojeva u tom procesu opada s velicinom molekule spoja,
a sumporovi spojevi koji zaostaju u benzinu su uglavnom tiofen i njegovi derivati, snizavanje
koncentracije sumpora u benzinu veoma je tesko provesti komercijalnim procesom (Francisco i sur.,
2010). Osim toga, prisutnost duSikovih spojeva u smjesi takoder snizava uc¢inkovitost HDS (Ravilla
i Banerjee, 2004). Naime, afinitet dusikovih spojeva spram katalizatoru je veéi, a sama reakcija
denitrogenacije je vrlo spora, tako da dusikovi spojevi zasi¢uju povrSinu katalizatora. Zbog velike
potro$nje energije, vodika i katalizatora, istrazuju se razliite metode koje bi mogle zamijeniti
komercijalni proces HDS (Wilfred i sur., 2012). Jedna od tih metoda je i ekstrakcijska
desulfurizacija (EDS). Glavnu prednost EDS c¢ine blagi uvjeti provodenja ekstrakcije (niska
temperatura 1 atmosferski tlak). Ekstrakcija pomocu ionskih kapljevina u najvecoj je mijeri
istrazivana u procesu desulfurizacije. Medutim, autori koji su kao pojne smjese koristili modelne
otopine koje sadrze sumporove, dusikove i aromatske spojeve te realne rafinerijske uzorke dokazali
su da se uz desulfurizaciju istovremeno odvijaju procesi denitrogenacije i dearomatizacije (Ceron i
sur., 2012, Casal, 2010, Song, 2003). U novije se vrijeme istrazuje i primjena niskotemperaturnih
eutektickih otapala u procesima desulfurizacije (Jing i sur., 2016), denitrogenacije (Hizaddin i sur.,
2014) i dearomatizacije (Sander i sur., 2016).

U ovom je radu istrazena mogucnost primjene ionskih kapljevina, [Csmim][Tf,N] i [bzmim][Tf,N],
i niskotemperaturnih eutektickih otapala, [kolin-klorid — glicerol] i [kolin-klorid — urea], u
procesima desulfurizacije i denitrogenacije modelne otopine, kao i moguénost regeneracije otapala
vakuumskim isparavanjem. Primjenjivost otapala procijenjena je na temelju eksperimentalno
odredenih ravnoteza kapljevina-kapljevina, odnosno koeficijenata raspod;jele i selektivnosti otapala.
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Materijali i metode

Materijali

Za uklanjanje tiofena i piridina iz smjese s N-heksanom koriStena su sljedeéa otapala: ionske
kapljevine, [Csmim][Tf,N] i [bzmim][Tf,N], te niskotemperaturna eutekticka otapala, [kolin-klorid
— glicerol] i [kolin-klorid — urea]. Sinteza ionskih kapljevina opisana je u literaturi (Gabri¢ i sur.,
2013). Cisto¢a ionskih kapljevina odredena je 'H NMR spektroskopijom (Bruker AV300) na
Institutu Ruder Boskovi¢ iz Zagreba. Kolin-klorid i glicerol pomijesani su u molnom omjeru 1:2, te
je dobivena smjesa mijeSana u rotacijskom vakuumskom isparivacu pri 60 °C i 250 mbar sve dok se
nije dobila bezbojna jednofazna kapljevina. Na sli¢an je nacin pripravljeno otapalo [kolin-klorid —
urea].

Odredivanje binodalne krivulje

Tocke na binodalnoj krivulji odredene su metodom titracije. U definiranu masu smjese Nn-heksana i
piridina ili tiofena poznatog sastava dodavano je otapalo kap po kap do pojave zamuéenja. Na
analogan je nacin odredena i druga strana binodalne krivulje, titriranjem definirane mase smjese n-
heksana i otapala poznatog sastava piridinom ili tiofenom. Koncentracije su odredene gravimetrijski
(vaga: Kern ALJ 220-4 NM preciznosti + 0,0001 g).

Standardne mjerne nesigurnosti ra¢unate su prema:

n 0,5

> (=% f (1)

i=1

u(x)=

1 .
n-(n+1)

Odredivanje veznih linija

Za odredivanje ravnoteznih sastava faza pripravljene su dvofazne trokomponentne smjese
definiranog ukupnog sastava. Smjese su mije$ane 24 sata u termostatiranoj zra¢noj kupelji (100
o/min). Nakon separacije ravnoteznih faza izmjereni su indeksi loma rafinatne faze. Mjerenja su
provedena tri puta na Abbeovom refraktometru (Model RMI, Exacta Optech, preciznosti = 0,0001).
S obzirom na to da vezna linija prolazi kroz tocku sastava pripravljene otopine i sastava rafinatne
faze, koncentracije u ekstraktnoj fazi ocitane su s binodalne krivulje. Ovisnost indeksa loma o
sastavu otopine pri 25 °C dana je sljede¢im izrazima:

Piridin — n-heksan:

w( piridin) = 18,3864 -1 ,, +60,1960-n, .. —47,9636 @
Tiofen — n-heksan:

w(tiofen) =—21,9549-n; ,s +69,9700-n,, ,. — 54,6592 Q)
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Rezultati i rasprava

Ravnoteza kapljevina-kapljevina

Sa svrhom istrazivanja moguénosti primjene odabranih ionskih kapljevina i niskotemperaturnih
eutektickih otapala za ekstrakciju tiofena i piridina iz smjese s n-heksanom eksperimentalno su
odredene binodalne krivulje i vezne linije u trokomponentnim sustavima n-heksan — (tiofen ili
piridin) — otapalo (ionska kapljevina ili niskotemperaturna eutekticka smjesa) pri sobnim uvjetima.
Mjerenja su provedena s dvije ionske kapljevine, [Csmim][Tf,N] i [bzmim][Tf,N], odnosno dvije
niskotemperaturne eutekticke smjese, [kolin-klorid — glicerol] i [kolin-klorid — urea]. Dobiveni su
rezultati prikazani na slikama 1 i 3. Slika 1 prikazuje binodalne krivulje i vezne linije za sustave s
tiofenom kao kljuénom komponentom.

[ / 7 7 7
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09
w (heksan)

N W
/00 10 N oo

VAVAVAVAVAVAVAVAVAVA — NN
00 01 02 03 04 05 06 07 08 09 1,0 00 01 02 03 04 05 06 07 08 09 1.0
w (heksan) w (heksan)

Slika 1. Ravnoteza kapljevina-kapljevina u trokomponentnom sustavu n-heksan — tiofen — otapalo
Fig. 1. Liquid-liquid equilibria in the three-component system n-hexane — thiophene — solvent
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Standardne mjerne nesigurnosti odredivanja tocaka na binodalnoj krivulji su procijenjene i iznose
um)=0,2K, u(p)=5kPa i u(w)<0,0006 za rafinatnu fazu u sustavu s [Csmim][Tf,N] te
u(w) < 0,003 u sustavu s [bzmim][Tf,N]. Standardne mjerne nesigurnosti za ekstraktnu fazu mogu
se to¢no izraCunati jedino za tocke na binodalnoj krivulji odredene za dvokomponentne sustave jer
se jedino ti sastavi mogu eksperimentalno odrediti. Procijenjene vrijednosti su u(w) < 0,003.
Standardne mjerne nesigurnosti odredivanja veznih linija su procijenjene i iznose u(T)=10,2 K,
u(p) =5 kPa i u(w) <0,0006 za rafinatnu fazu. Sastavi ekstraktne faze su izraCunati koristenjem
ravnoteznih podataka i bilance tvari te procijenjene na u(w)<0,005. Sva istrazivana otapala
netopljiva su u n-heksanu. S druge strane n-heksan je slabo topljiv u ionskim kapljevinama i
potpuno netopljiv u eutektiCkim otapalima $to ukazuje na vecu selektivnost niskotemperaturnih
cutekti¢kih otapala. Vezne linije su negativnog nagiba, osim u sustavu s [kolin-klorid — ureom] gdje
je pri koncentraciji tiofena u n-heksanu vecoj od 0,8 uo¢ena promjena nagiba. Na slici 2 prikazan je
'H NMR spektar [kolin-klorid — glicerola] (1:2) nakon mijesanja s otopinom tiofena u n-heksanu.
Na spektru se osim pikova karakteristicnih za otapalo mogu uociti samo pikovi koji odgovaraju
tiofenu (1,147 1 1,667 ppm), ¢ime je potvrdena netopljivost n-heksana u otapalu.

3500
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1500
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/§ \ 500
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f1 (ppm)

Slika 2. "H NMR spektar smjese tiofena, n-heksana i [kolin-klorid — glicerola] (1:2)
Fig. 2. "H NMR spectra of the mixture of thiophene, n-hexane and [cholin chloride — glycerol] (1:2)
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Eksperimentalno odredene fazne ravnoteze kapljevina-kapljevina za sustave s piridinom kao
kljuénom komponentom prikazane su na slici 3. Ravnotezni dijagrami sustava s ionskim
kapljevinama su tipa I s pozitivnim nagibom veznih linija u cijelom podruéju koncentracija ispod
binodalne krivulje. Medutim, u sustavima s niskotemperaturnim eutekti¢kim otapalima ravnotezni
su dijagrami sli¢ni kao i u sustavima s tiofenom. n-heksan je netopljiv u niskotemperaturnim
eutekti¢kim otapalima §to se moze vidjeti na "H NMR spektru prikazanom na slici 4, gdje se mogu
uociti samo pikovi koji odgovaraju piridinu (7,37; 7,39; 7,41; 8,57 i 8,59 ppm). Na temelju
dobivenih rezultata moze se zakljuciti da su odabrana otapala pogodna za separaciju tiofena i
piridina iz smjese sa n-heksanom.

1,0’//‘

\ LINON Y, N <
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w (heksan) w (heksan)
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w (heksan) w (heksan)
Slika 3. Ravnoteza kapljevina-kapljevina u trokomponentnom sustavu
n-heksan — piridin — otapalo
Fig. 3. Liquid-liquid equilibria in the three-component system n-hexane — pyridine — solvent

91



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Kemijsko i biokemijsko inZenjerstvo / Chemical and Biochemical Engineering

2600

[ 2400

2200

2000

1800

[ 1600

[ 1400

1200

1000

Z N 800
‘ Ha
NG 600
2
400
JL J«_JL LJL h
A ;
-200
T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Slika 4. "H NMR spektar smjese tiofena, n-heksana i [kolin-klorid — glicerola] (1:2)
Fig. 4. "H NMR spectra of the mixture of thiophene, n-hexane and [cholin chloride — glycerol] (1:2)

Koeficijenti raspodiele i selektivnost
Koeficijenti raspodjele, £, i selektivnost otapala, S, izracunati su koriStenjem sljedecih izraza:
11

W
b= W “4)

WH
b= (5)

2 W;

B,
S=2 6
A, (6)

i prikazani na slikama 5 — 8. W oznacava maseni udio, oznake I i II odgovaraju rafinatnoj, odnosno
ekstraktnoj fazi, a oznake 1 i 2 odgovaraju ugljikovodiku, odnosno piridinu ili tiofenu.
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Slika 5. Ovisnost koeficijenta raspodjele piridina, £, 0 masenom udjelu piridina u rafinatnoj fazi,
W,', za sustave n-heksan — piridin — otapalo
Fig. 5. Distribution coefficient of pyridine, £, vs. mass fraction of pyridine in the raffinate phase,
w,', for the system n-hexane — pyridine — solvent
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Slika 6. Ovisnost koeficijenta raspodjele tiofena, /%, o masenom udjelu tiofena u rafinatnoj fazi, w,',
za sustave n-heksan — tiofen — otapalo
Fig. 6. Distribution coefficient of thiophene, /%, vs. mass fraction of thiophene in the raffinate
phase, W,, for the system n-hexane — thiophene — solvent
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Slika 7. Ovisnost selektivnosti, S, 0 masenom udjelu piridina u rafinatnoj fazi, w,',
za sustav N-heksan — piridin — otapalo

Fig. 7. Selectivity, /3, vs. mass fraction of pyridine in the raffinate phase, W',
for the system n-hexane — pyridine — solvent
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Slika 8. Ovisnost selektivnosti, S, o masenom udjelu tiofena u rafinatnoj fazi, w,',
za sustav N-heksan — tiofen — otapalo

Fig. 8. Selectivity, /3, vs. mass fraction of thiophene in the raffinate phase, w,',
for the system n-hexane — thiophene — solvent
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Koeficijenti raspodjele piridina ve¢i su od koeficijenata raspodjele tiofena u svim istrazivanim
sustavima, pri ¢emu ovisno o KkoriStenom otapalu opadaju u smjeru: [Csmim][TH,N] >
[bzmim][Tf,N]) > [kolin-klorid — glicerol] > [kolin-klorid — urea]. To drugim rije¢ima znaci da je
topljivost piridina u odgovarajuéem otapalu veca od topljivosti tiofena. Utjecaj koncentracije
kljuéne komponente na vrijednost pripadajuceg koeficijenta raspodjele veéi je u sustavima s
piridinom. S porastom koncentracije piridina opada koeficijent raspodjele piridina. Selektivnost
ionskih kapljevina opada s porastom koncentracije kljucne komponente u smjesi, jer je sve veca
topljivost ugljikovodika u ionskoj kapljevini. Selektivnost niskotemperaturnih eutektickih smjesa
veca je od selektivnosti ionskih kapljevina s obzirom na to da je n-heksan netopljiv u [kolin-klorid —
glicerolu] i [kolin-klorid — urei]. Visoke vrijednosti selektivnosti idu u prilog koriStenja odabranih
otapala za separaciju piridina i tiofena od parafinskih ugljikovodika. Raspravi treba pridodati
prethodno objavljena fizikalna svojstva ionskih kapljevina (Gabric i sur., 2013) i
niskotemperaturnih eutektickih smjesa (Sander et al., 2016). [Csmim][Tf,N] ima manju viskoznost
(0,0525 Pa s) od [bzmim][Tf,N] (0,1508 Pa s). Otapala manje viskoznosti lakse se dispergiraju i
pruzaju manji otpor medufaznom prijenosu tvari. Viskoznosti [kolin-klorid — glicerola] i [kolin-
klorid — uree] jos$ su vece (0,3027 Pa s i 1,5262 Pa s) pa je za o¢ekivati da je i teZi prijenos tvari u ta
otapala. Buduéi da je svrha ovog istrazivanja vezana za procese desulfurizacije i denitrifikacije
motornih goriva &ije su gustoée u rasponu od 710 do 840 kg m~, znatno veée gustoée odabranih
otapala (p ([Csmim][Tf;N]) = 1404 kg m™; p ([bzmim][Tf;N]) = 1491 kg m™; p ([kolin-klorid —
glicerol]) = 1201 kg m™ i p ([kolin-klorid — urea]) =1205 kg m™) takoder idu u prilog koristenju
ovih otapala u procesu ekstrakcije jer osiguravaju jednostavnu separaciju faza.

Zakljucci

Na temelju eksperimentalno odredenih faznih ravnoteza kapljevina-kapljevina za sustave n-heksan
— piridin ili tiofen — otapalo, moze se zakljuciti da se ionske kapljevine i niskotemperaturne
eutekticke smjese mogu koristiti kao selektivna otapala da desulfurizaciju i denitrifikaciju smjesa
ugljikovodika. Koeficijenti raspodjele ve¢i su u sustavima s ionskim kapljevinama, a
niskotemperaturne eutekticke smjese su selektivnije. S obzirom na vece vrijednosti koeficijenata
raspodjele i selektivnosti, otapala ¢e biti pogodnija za denitrifikaciju nego za desulfurizaciju.
Odabrane ionske kapljevine i niskotemperaturne eutekticke smjese mogu se koristiti kao selektivna
otapala u procesu uklanjanja tiofena i piridina iz smjese s n-heksanom, ekstrakcijom kapljevina-
kapljevina. Ocekuje se da ¢e ucinkovitost otapala u procesima desulfurizacije i denitrifikacije
opadati u smjeru: [Csmim][TH,N] > [bzmim][Tf,N] > [kolin-klorid — glicerol] (1:2) > [kolin-klorid —
urea] (1:2).

'H NMR spektroskopijom utvrdeno je da u procesu prijenosa tvari sudjeluju samo tiofen i piridin, s
obzirom na to da prisutnost n-heksana u ionskim kapljevinama i niskotemperaturnim eutektickim
smjesama nije uocena.
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Summary

In the last decade an upward trend in world energy demand can be observed, which in the transport
sector means a steady increase in the consumption of fossil fuels and thus an increase in emissions
of combustion products that adversely affect the environment and are responsible for climate
change. Commercial industrial processes of hydrodesulfurization and hydrodenitrogenation are
environmentally and energetically unfavorable, which led to the development of alternative methods
for obtaining the required fuel quality. One of the methods which are largely explored is the liquid-
liquid extraction. The development and superior properties of ionic liquids and deep eutectic
solvents enabled their use in the extraction.

Knowledge of the physical and chemical properties and liquid-liquid phase equilibria allows for the
evaluation of the applicability of solvents in the extraction processes. In this paper liquid-liquid
phase equilibria are experimentally determined in which the thiophene and pyridine takes place as a
key component, n-hexane is the primary solvent and a ionic liquid or deep eutectic solvent is the
secondary solvent. The possibility of using these solvents in the processes of separation of sulfur
and nitrogen compounds from their mixtures with n-hexane is estimated on the basis of the
distribution and selectivity coefficients. The values of distribution coefficients are higher for
systems with ionic liquids, and deep eutectic solvents are found more selective. Both types of
environmentally friendly solvents have the potential for use in processes of desulfurization and
denitrification of motor fuels.

Keywords: denitrification, desulfurization, liquid-liquid extraction, deep eutectic solvents, ionic
liquids
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Summary

Volatile organic compounds (VOCs) are recognized as the major contributors to global air pollution
and the development of the effective methods and materials for the abatement of VOCs became of
great importance. Catalytic oxidation is the most promising technology for VOC abatement and
most of the catalysts used for this purpose are, generally, very active but also very expensive noble
metals (Pt, Pd, etc). Therefore, many efforts have been made towards the design of cheaper catalyst
materials based on the mixed transition metal oxides.

This paper deals with preparation, characterization and catalytic activity of the mixed manganese
oxides, Mn-M (M: Fe, Ni, Cu) used for catalytic oxidation of toluene. Catalysts were synthesized by
the coprecipitation method and various instrumental techniques were used for their characterization.
Catalytic tests were performed in the fixed bed flow reactor. The influences of different reaction
conditions on the catalytic performance were examined using gaseous mixture of toluene and
nitrogen (242ppm of toluene/nitrogen) and air as an oxidant. Tests were performed at different
temperatures (373-675K) and various total flow rates of the reaction mixture (23-138cm’/min) at the
constant catalyst mass (0.05g).

Obtained mesoporous catalysts show high low-temperature activities for the toluene oxidation with
Tqo temperatures, corresponding to 90% of the toluene conversion, observed at 450K and even
lower temperatures.

Keywords: Catalytic oxidation, toluene, mixed manganese oxides, coprecipitation
Introduction

Volatile organic compounds (VOCs) are recognized as the major contributors to global air pollution
(Heck et al., 2009). Transportation vehicles and a wide range of industrial processes are the most
important anthropogenic sources of VOCs. Volatile organic compounds include a vast number of
organic compounds with a low boiling point at atmospheric pressure, usually with fewer than 12
carbon atoms and divided into methane and non- methane compounds. They are the major
contributors to global warming and air pollution, the pre-cursers of ozone, photochemical smog and
secondary aero-sol (Amann et al., 2000). VOCs are also the most abundant and harmful chemical
pollutants in indoor air (Mo et al., 2009).
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Toluene is quite often chosen as a model compound by many researchers in the field (Barbero et al.,
2008; Li et al., 2012; Ozgelik, 2014). The US Environmental Protection Agency (US EPA) and
National Institute of Occupational Safety and Health (NIOSH) list several toluene concentration
limits that people should not be exposed to, depending on the exposure time
(https://www.epa.gov/haps/health-effects-notebook-hazardous-air-pollutants; NIOSH, 2007). The
REL value (recommended exposure limit) of 100ppm as the recommended limit value for 8 or 10h
average exposure time defined by NIOSH is comparable with Croatian regulations that define
50ppm or 190mg/m’ as the maximum permissible concentration (MPC) of toluene in a work
premises and areas, while the biological limit value (BGV) for occupational exposure to toluene in
blood at the end of the work shift is 10.85mmol/dm® (1.0 mg/dm®) (Dujmovi¢, 1993).

Mentioned, and many other limit values have tendency of lowering their values with new health
impact research, so the development of the effective methods and materials for the abatement of
VOCs is of great importance. Catalytic oxidation as the most promising technology for the
destruction of VOCs (Huang et al., 2015; Chen et al., 2009; Everaert, 2004) with the suitable
catalyst can convert VOCs into CO, and water at low process temperatures. Most of the catalysts
used for VOC combustion are noble metals dispersed on porous supports (e.g. platinum or
palladium on alumina, silica, etc.), very active, but also expensive. Therefore, many endeavors have
been made to design catalysts based on the mixed transition metal oxides (Ni, Cu, Cr, Mn, Fe, etc.),
as cheaper and adequately active substitutes. Manganese oxides exhibited high activities in catalytic
oxidation of VOCs (Bastos, 2012; Morales, 2007; Ferrandon, 1999; Craciun, 2003), but mixed with
other transition metal oxides they have shown even higher activities (Lin, 2001; Mehandjiev, 2001).
This paper deals with characterization and the performance of three mixed metal oxides, Mn-M (M:
Fe, Ni, Cu). Various characterization techniques, such as X-ray diffractometry (XRD), BET-surface
area analysis, scanning electron microscopy (SEM), thermal analysis and the N,
adsorption/desorption at 77K were used for the catalyst characterization. The activities of powder
manganese mixed oxide catalysts Mn-M (M: Fe, Ni, Cu) were evaluated in the catalytic combustion
of toluene using a fixed bed reactor. The influences of the space velocities, temperatures and the
particle size on the catalytic performance were examined. Toluene, as a representative aromatic
VOC was chosen as a single model VOC compound for testing the catalytic performance of
mentioned catalysts.

Materials and Methods

Catalyst preparation

Powder catalysts based on the mixed manganese oxides, Mn-M (M: Fe, Ni, and Cu) were
synthesized by the co-precipitation method. Equal volumes of 0.25mol/dm’ aqueous solutions of
manganese (II) nitrate tetrahydrate and one of the transitional metal (Fe, Ni or Cu) nitrates (e.g. iron
(I1I) nitrate nonahydrate, nickel (II) nitrate hexahydrate or copper (II) nitrate trihydrate) were mixed
and stirred. Sodium carbonate solution was added under stirring and pH of the solutions was
adjusted to 8.4. Suspensions were filtrated and washed thoroughly with deionized water and
obtained catalysts were dried and calcined as shown in Fig. 1.
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Fig. 1. Schematic illustration of the powder catalyst preparation

Catalyst characterization

Characterization of prepared catalysts included nitrogen adsorption-desorption analysis, scanning
electron microscopy (SEM) with energy dispersive X-ray analysis (EDX), differential scanning
calorimetry (DSC), temperature programmed desorption of CO, (CO,-TPD) and Fourier Transform
Infrared Spectroscopy (FTIR) analysis.

The surface morphology and EDX analysis of the catalytic samples were performed on Vega 3
Tescan scanning electron microscope. The textural properties, such as specific surfaces of the
catalysts, total pore volumes and average pore diameters were determined based on the Brunauer-
Emmet-Teller model (BET) using analysis of N, adsorption/desorption at 77K on Micrometrics
ASAP 2000 apparatus. The thermal properties of catalysts were analyzed using differential scanning
calorimetry, DSC. The analysis was carried out on the Mettler Toledo DSC823° apparatus. Catalyst
sample was heated in the temperature range of 298 — 823K in inert gas atmosphere (N,, 50cm’/min)
with a heating rate of 10K/min. Temperature programmed CO, desorption (CO,-TPD) analysis was
performed using Micromeritics AutoChem 2010. Samples were pre-treated in helium stream and the
adsorption was carried out by introducing CO,. The samples were then washed in helium stream to
remove physically adsorbed CO,. TPD signals were recorded while samples were gradually heated
at the rate of 10K/min to a maximum temperature of ca. 1200K in 50cm’/min helium stream.
Fourier Transform Infrared Spectroscopy (FTIR) was performed on PerkinElmer® Spectrum One at
room temperature with a spectral range from 400 to 4000cm™.

Catalytic tests

Activities of the synthesized Mn-M catalysts were tested in the toluene combustion using gaseous
mixture of toluene and nitrogen (242ppm of toluene/nitrogen) and air as an oxidant. Tests were
performed in the fixed bed reactor at different temperatures (373-675K), under atmospheric pressure
and various total flow rates of reaction mixture (23-138cm’/min) with the constant catalyst mass
(0.05g). Inlet concentration of toluene in the reaction mixture was constant. The reactor temperature
was regulated by a thermo-controller (TC208 Series) and gas flow rates were regulated by mass
flow controllers (Brooks) (Fig. 2.). Reaction products were analyzed on-line using a Shimadzu GC-
2014 gas chromatographer equipped with Carbowax 20M packed column and a FID detector. The
catalytic activity was evaluated in terms of toluene conversion.

100



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Kemijsko i biokemijsko inZenjerstvo / Chemical and Biochemical Engineering

TC

GC-2014 PC

Shimadzu

Brooks MFC

L .
Brooks MFC J

oluene/N,
mixture

Air

Fig. 2. Schematic representation of the experimental system

The blank test was carried out in the fixed bed reactor without catalyst and results showed that
conversion of toluene starts at 575K and up.

Results and Discussion

The catalytic performance of the mixed manganese oxides, Mn-M (M: Fe, Ni, Cu) was evaluated in
catalytic oxidation of toluene using the fixed bed reactor. Toluene, as one of the representative
aromatic VOCs, extensively applied in different fields of industry, was chosen as a model VOC
compound. The home-made catalysts with average pore diameters of ca. 20nm can be classified as
mesoporous catalysts according to the IUPAC standards. As shown by the nitrogen adsorption-
desorption analysis in Table 1. out of the three studied mixed metal oxides Mn-Ni and Mn-Fe have
quite similar total pore volumes and average pore diameters, with Mn-Fe having the highest specific
surface area, while Mn-Cu has the lowest values in all three observed textural properties (e.g.
surface area, total pore volume and mean pore diameter).

Table 1. Textural properties of the catalysts as determined from nitrogen adsorption at 77K

SBET; m2/g Vporw CmS/g dporca nm
Mn-Ni 38.3991+0.4030 0.1956 20.4
Mn-Fe 44.37434+0.3228 0.2115 19.1
Mn-Cu 23.6471+0.1889 0.0973 16.5

The morphology of the Mn-M oxide catalysts was further checked by the scanning electron
microscopy (SEM) at different magnifications and observed results are shown in Fig. 3. It was
observed that the surface of all three catalysts consists mostly of the spherical clusters with typical
dimensions of about 1 micron.
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The EDX results showed almost a stoichiometric ratio of manganese and nickel in the Mn-Ni
catalyst close to one, which was in accordance to the preparation procedure (Fig. 1). For the other
two catalysts, Mn-Fe and Mn-Cu the molar ratio was closer to 0.5 indicating that possible
corrections in preparation procedures need to be made (e.g. probably the pH value shoud be more
precisely controlled) if we want to maintain Mn:M ratio close to one in all three cases.

Fig. 3. SEM images and composition of the Mn-M (M: Fe, Ni, Cu) mixed oxides determined
by EDX analysis

Differential scanning calorimetry (DSC) over a wide range of temperatures (298 - 823K) was used
to investigate the thermal properties of Mn-M mixed oxides and results are illustrated in the Fig. 4.
The first endothermic peak ending at ca. 475K in all three Mn-M catalysts can be attributed to water
desorption. Interestingly, the presence of second endothermic peak observed in the temperature
range from 523K to ca. 655K for all prepared mixed Mn-M (M: Fe, Ni, and Cu) oxide catalysts
indicates a structural change of the catalysts which is accompanied by the release of energy of -
35J/g, -186J/g and -209J/g, respectively. In line with these observations before testing the catalyst
activity for toluene oxidation the catalyst was pretreated (calcined) at the temperature of 523 K for 2
hours and then for 3 hours at the temperature of 773K.
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After calcination these endothermic peaks do not appear on repeated DSC analysis, indicating that
catalysts are structurally stable and as such ready to be used in the catalytic reaction.
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Fig. 4. DSC curve of the Mn-M (M: Fe, Ni, Cu) mixed oxides

The synthesized mixed manganese oxide samples were characterized by CO,-TPD and results are
shown in the Fig. 5. Mixed Mn-Ni oxide shows somewhat different behavior compared to the other
two mixed oxides (e.g. Mn-Fe and Mn-Cu). Its unimodal curve with the temperature maximum at
1055 K is in contrast to the other two oxides with detected two temperature peaks (Mn-Fe at 1004K
and 1102K; Mn-Cu at 958K and 1173K). The basic sites present in all three catalysts can be
classified as strong basic sites as they all appear above 750K.
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Fig. 5. CO,-TPD profiles of the Mn-M (M: Fe, Ni, Cu) mixed oxides
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Fourier Transform Infrared Spectroscopy (FTIR) spectrum confirmed that during the toluene
oxidation over Mn-M (M: Fe, Ni, Cu) oxide catalysts there was no significant adsorption of the
reactants or possible reaction intermediates (e.g. benzaldehyde or benzoic acid) on the surface of the
catalysts (comparison between FTIR results before and after the reaction for each catalyst are not
shown here). However the spectrums of all three mixed metal catalysts (Fig. 6.) show very similar
peaks. The peaks at 525 1/cm (M-O asymmetric stretching) and 630 1/cm (M-O wagging) imply the
presence of metal-oxide group in the catalysts. The metal-oxygen bond is also observed at 1368
I/ecm (M-O rocking in plane) and at 1631 1/cm (M-O rocking out of plane). Some nitrogen or
carbon containing molecules were probably adsorbed during catalyst preparation and the peaks at
1736 1/cm (C=0 or M-H stretching) and at 1228 1/cm (C-O stretching) can be attributed to that.
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Fig. 6. The FTIR spectrums of the Mn-M (M: Fe, Ni, Cu) mixed oxides

The prepared catalysts were catalytically evaluated in the catalytic combustion of toluene using a
fixed bed reactor and previously described experimental system (Fig. 2.). Catalytic performances of
the Mn-M (M: Fe, Ni, Cu) catalysts were tested at different reaction temperatures, different total
flow rates of reaction mixture, at constant inlet toluene concentration (242ppm) and constant
catalyst mass (0.05g). It is evident (Fig.7.) that with temperature increase conversion of toluene
increases at all flow rates and achieve maximum conversion values depending on the space times.
When operating at a lower total flow rates of the reaction mixture (higher space times) maximum
conversion is achieved at as low as ca. 450K for Mn-Cu catalyst.
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Fig. 7. Catalytic performance of the Mn-M (M: Fe, Ni, Cu) mixed oxides at different temperatures
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The reaction temperature Tsy corresponding to 50% of the toluene conversion, at the total flow rate
of 46¢cm’/min, was observed at temperatures of ca. 400K for the Mn-Cu catalyst and at ca. 430K for
the other two catalysts (Fig.8). However, Ty, value, 90% of the toluene conversion, was about the
same for all three catalysts, ca. 450K. The effect of catalyst particle size on the conversion of
toluene is shown in Fig.9. for Mn-Fe catalyst employing 315-400pum and 500-630um particle size
fractions, at total flow rates of 46 and 92 cm?/min. It can be concluded that reducing the size of the
catalyst particle shifts characteristic Tsy and To, values to lower temperatures due to the lower
influence of intraparticle diffusion on the overall reaction rate on smaller particle size fractions.
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Fig. 9. The effect of catalyst particle size on the catalytic activity of the Mn-Fe catalyst
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Obviously, the prepared mixed Mn-M (M: Fe, Ni, and Cu) oxide catalysts showed remarkable
activity for the toluene oxidation at the experimental conditions employed in this study. It is
particularly important to point out that the observed high conversions were achieved at relatively
low temperatures (<500K) and even lower depending on the total flow rate and particle size used,
which is crucial for the process efficiency and practical application of those catalyst in real systems.

Conclusions

This paper is a part of extensive research focused on toluene oxidation over manganese mixed oxide
catalysts. The high specific surface area, mesoporous structure and favorable temperature
programmed desorption of CO, from the surface of the mixed Mn-M (M: Fe, Ni, and Cu) oxide
catalysts, along with high catalytic activity at relatively low temperatures demonstrated that these
catalysts are suitable for the catalytic combustion of toluene at different operation conditions.
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Sazetak

Veliki zahtjevi na ogranicene svjetske sirovine potakli su razvoj kruzne ekonomije. To je koncept
prema kojem bi se proizvodi osmisljavali tako da budu dio vrijednosne mreze unutar koje bi
ponovna upotreba i prenamjena proizvoda i materijala zajamcila trajnu reciklazu resursa.
Recikliranje otpadnih jestivih ulja uklapa se u navedeni koncept. U ovom radu provedena je i
istrazena sinteza biodizela iz otpadnog restoranskog wulja i n-butanola uz N,N',N"-tris(3-
dimetilamino)propil gvanidin kao katalizator. Prednost gvanidinskih nad konvencionalnim baznim
katalizatorima je izbjegavanje nepozeljnih procesa saponifikacije uz zadrzanu visoku aktivnost.
Primjenom dizajna pokusa i faktorske analize istraZen je utjecaj glavnih procesnih parametara za
sintezu biodizela, temperature, vremena, masenog udjela katalizatora te molarnog omjera butanola i
ulja na konverziju transesterifikacije. Konverzija je odredena NMR spektroskopijom. Dobiven je
empirijski model unutar kojeg je za bilo koju kombinaciju ulaznih faktora mogucée predvidjeti
odziv procesa, konverziju. Valjanost modela provjerena je razli¢itim funkcijama cilja u kojima je
bilo zadano posti¢i visoku konverziju uz malu koli¢inu katalizatora. Za jednu od primijenjenih
funkcija cilja dobiveni su sljede¢i optimalni parametri: temperatura 40,5 °C, vrijeme 30 min,
molarni omjer reaktanata 9,8 mol/mol i maseni udio katalizatora 1,4 % uz predvidenu konverziju od
92,4 %. U pripadaju¢em pokusu, ostvarena je konverzija od 84,9 %.

Kljucne rijeci: biodizel, otpadno biljno ulje, butanol, transesterifikacija, gvanidinski katalizator

Uvod

Stetan utjecaj na okoli koji je posljedica upotrebe fosilnih goriva veé¢ niz godina je glavni ¢imbenik
intenziviranja pronalazenja i uporabe alternativnih, a osobito obnovljivih vrsta goriva (Ki§ i sur.,
2006). Biodizel je neotrovno, biorazgradivo gorivo koje se dijelom ili u cijelosti dobiva iz
obnovljive biomase i jednim dijelom moze nadomjestiti fosilno gorivo (Worgetter i sur., 1991,
Sinci¢ 1 sur., 2009). Dobiva se iz biljnih ulja i nizih alkohola, pri ¢emu se zbog etickih razloga i
utjecaja na trziSte hrane tezi upotrebljavati otpadna biljna ulja. Slicno vrijedi i za alkohole koji se
mogu proizvoditi konvencionalnim petrokemijskim procesima iz fosilnih sirovina, ali takoder i iz
obnovljivih izvora, odnosno biomase koja se ne upotrebljava za proizvodnju hrane. Tako se metanol
moze dobiti iz sinteznog plina koji se proizvodi uplinjavanjem biomase, a razvijaju se i
biotehnoloski procesi kojima se celulozna sirovina prevodi u etanol i butanol.
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U ovom radu dani su preliminarni rezultati istrazivanja i modeliranja procesa sinteze biodizela iz
otpadnog restoranskog, suncokretovog ulja i butanola uz gvanidinski katalizator N,N',N"-tris(3-
dimetilamino)propil gvanidin (GVK). Dobro je poznato da se u primjeni biodizel ¢esto namjesava s
mineralnim, naftnim dizelom u raznim omjerima. Prednost upotrebe butanola za proizvodnju
biodizela je ta da za razliku od metanola i etanola zaostali butanol, u smjesama s naftnim dizelom
neée uzrokovati naruSavanje primjenskih svojstava dobivenog goriva (Rakopoulos i sur., 2010).
Iako koli¢inski ogranicena, otpadna biljna ulja su jeftina sirovina i ne¢e uzrokovati porast cijene
hrane kao $to moze biti slucaj pri koriStenju sirovih jestivih ulja. Upotreba otpadnih ulja savrseno se
uklapa i u koncept kruzne ekonomije prema kojoj bi se proizvodi osmisljavali tako da budu dio
vrijednosne mreze unutar koje bi ponovna upotreba i prenamjena proizvoda (materijala) zajamdcila
trajnu reciklazu resursa. Dakle, cilj je smiSljati proizvode tako da je unaprijed odreden nacin
uporabe konacnog otpada ili ostatka proizvoda. Upotrebom gvanidinskog katalizatora izbjegava se
nastajanje nepozeljne saponifikacije koja se javlja pri upotrebi konvencionalnih baznih katalizatora
kao $to su KOH i NaOH. U ovom radu je koristen gvanidinski katalizator GVK (Glasovac et al.,
2005) ¢ija je visoka bazi¢nost ustanovljena 2008. mjerenjem vrijednosti pKa u acetonitrilu (Eckert-
Maksi¢ i sur., 2008). Sinteza biodizela iz otpadnog biljnog ulja i uglavnom metanola i etanola te uz
konvencionalne katalizatore istrazena je u viSe radova (Phan i sur., 2008, Chhetri i sur., 2008,
Maneerung i sur., 2016)7. Takoder je u vise radova istrazivana i aktivnost gvanidinskih katalizatora
za reakciju transesterifikacije ulja, ali ne i za butilne alkohole (Balbino i sur., 2011, Karavalakis i
sur., 2011, Bromberg i sur., 2010).

Materijali i metode

Materijali

Kao osnovna sirovina za transesterifikaciju upotrebljeno je otpadno suncokretovo ulje (podaci za
svjeze ulje: M = 876,45 g/mol, Tena, Tvornica ulja Cepin) prikupljeno u restoranu Studentski centar
Zagreb (Savska cesta 25). Prije upotrebe ulje je filtrirano kroz tekstilnu tkaninu da bi se uklonile
krute neéisto¢e. Karakterizacijom po normiranim metodama ustanovljen je nizak sadrzaj vode u
ulju, 0,07 mas. % prema ASTM D 1123 i 0 mas. % prema HRN ISO 3734, kao i nizak kiselinski
broj od 0,73 mg KOH/g odreden prema HRN ISO 6618. Kao drugi reaktant koriSten je n-butanol
(p.a., Gram-Mol) s udjelom slobodnih masnih kiselina manjim od 0,0013 mas. % i udjelom vode
manjim od 0,14 mas. %. Katalizator N,N',N"-tris(3-dimetilamino)propil gvanidin (GVK) sintetiziran
je prema proceduri opisanoj u literaturi (Glasovac i sur., 2005), a njegova kemijska struktura
prikazana je na slici 1.

Provedba pokusa i odredivanje konverzije reakcije

Upotrebom programske podrske Design Expert izraden je Box-Behnkenov plan pokusa odabirom
Cetiri parametra (faktora) Ciji se utjecaj istrazivao na tri razine; temperatura: 40 — 60 — 80 °C,
vrijeme reakcije: 1 — 2 — 3 h, omjer reaktanata, alkohola i ulja: 4 — 6 — 8 mol/mol i udio katalizatora:
1 — 2 — 3 mas. %. Ukupna masa reakcijske smjese iznosila je 15 g. Vrijeme se mjerilo od trenutka
kada reakcijska smjesa dosegne zadanu temperaturu. Reakcijska je smjesa mijeSana magnetskom
mijesalicom. Konverzija reakcije odredena je '"H NMR spektroskopijom na uzorcima svih $arzi
(uskladisteni na -18 °C do provedbe mjerenja) po zavrsetku provedenih pokusa. Uzorci su otopljeni
u CDCl; i analizirani na uredaju NMR Bruker Avance pri 600 MHz.
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Slika 1. Struktura N,N',N"-tris(3-dimetilamino)propil gvanidina (GVK)
Fig. 1. Chemical structure of N,N',N"-tris(3-dimethylamino)propyl guanidine

Rezultati i rasprava

Provedeno je 30 eksperimenata transesterifikacije prema Box-Behnkenovu planu pokusa. Procesni
uvjeti, skupa s konverzijama izracunatim iz NMR spektra, dani su Tablici 1. Na slici 2 a) prikazan
je NMR spektar otpadnog suncokretovog ulja. Od interesa su signali s kemijskim pomacima 2,3
ppm (protoni u &polozaju prema esterskoj skupini) i 2,8 ppm (protoni iz masnih kiselina izmedu
konjugiranih dvostrukih veza), a na slici b) i signal s kemijskim pomakom 4,0 ppm (protoni u
butilnim esterima). Konverzija provedene transesterifikacije moze se raunati kao omjer povrsine
signala (tripleta) skupine —OCH, (J = 4,0 ppm) i povrSine signala karakteristicnog za dva protona
pokraj karboksilne skupine koji predstavlja ukupni sadrzaj masnih kiselina u obliku biodizela,
slobodnih masnih kiselina, monoacilglicerola, diacilglicerola i triacilglicerola (6 = 2,3 ppm).
Problem je §to signal s kemijskim pomakom od 2,3 ppm (Slika 2 b)), zbog njegove Sirine, mogu
pojacati signali katalizatora pa se u pravilu na ovaj na¢in dobiva manja konverzija od stvarne. Zbog
toga, konverzija je izracunata preko signala & = 2,8 ppm (triplet) koji stvaraju protoni izmedu
konjugiranih dvostrukih veza (=CH-CH,—CH=) estera linolne kiseline. Prvo je odreden omjer
signala 6 =28 ppmi J = 2,3 ppm iz ulja (NMR spektar sa Slike 2 a)), a nakon toga je konverzija
za svaki pokus racunata pomocu tog omjera uz sljedecu formulu:

P(6 =~ 4,0 ppm)

X = 0,537
exp * P(6§ ~ 2,8ppm)

Q

gdje je 0,537 navedeni omjer iz nereagiranog otpadnog ulja, a P/P je omjer povrSina signala s
pomacima 4,0 ppm i 2,8 ppm.
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Slika 2. Dio NMR spektara otpadnog suncokretova ulja (a) i kona¢ne reakcijske smjese
eksperimenta broj 11 (b)
Fig. 2. Part of NMR spectra of used sunflower oil (a) and final reaction batch of
experiment number 11 (b)

Na temelju dobivenih rezultata provedeno je modeliranje procesa s ciljem odredivanja funkcijske
meduovisnosti temperature (T), vremena reakcije (t), masenog udjela katalizatora (Wi,), molarnog
omjera butanola i ulja (B/U) i konverzije transesterifikacije. Nakon odbacivanja jednog od

centralnih eksperimenata (broj 8 iz Tablice 1), dobiven je statisticki znaCajan model iskazan
funkcijom polinoma drugog reda:

konverzija = —3153+3,50*T + 43,9t +50,7*B/U + 89,8 *wy,: + 0,12 T xt — 0,11
*TxB/U—0,19*T * Wiy — 6,54t *B/U + 3,55t xwy, — 1,875 B/U
* Wiqe — 0,027 * T2 — 5,5 % t2 — 2,05 x (B/U)? — 13,72 x Wiy,
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Usporedimo li navedeni izbaceni rezultat eksperimenta s rednim brojem osam s ostalim centralnim
eksperimentima (svi su provedeni pod istim uvjetima: redni brojevi 3, 8, 12, 23 i 26) vidimo
njegovo znacajno odstupanje koje je najvjerojatnije prouzrokovano grubom pogreskom.
Provodenjem Dixonovg Q testa dobiveno je da Qi azunato > Quablicno 99 % Sto govori da navedena
izbaCena vrijednost s 99 % sigurno$¢u odstupa od ostalih i moZe se proglasiti netipicnom ili
strSe¢om vrijednosti (,,outliner*).

Jednadzba modela s kodiranim vrijednostima ulaznih parametara je sljedeca:

konverzija = 82,12 —11,45*T — 297 xt + 524 * B/U + 19,48 * w;,o; + 2,43 * T * t — 4,40
*TxBJ/U—3,78*T *wyy — 13,08t * B/U + 3,55 xt * wy,p — 3,75« B/U
* Wiqe — 10,86 x T2 — 5,51 x t2 — 8,22 * (B/U)? — 13,72 * Wyq,?

Eksperimentalni se rezultati dobro slazu s dobivenim modelom o ¢emu svjedoci korelacijski faktor
R = 0,8966 (vidi sliku 3). Standardna devijacija podataka iznosi 8,76. Losijem slaganju
eksperimenata i modela doprinose eksperimentalne pogreske prilikom izvodenja pokusa (pogreske u
odvagama, odstupanje od zadane temperature, nezadovoljavajue mijeSanje, odredivanje
konverzije) i/ili pogreske prilikom analize. Prema dobivenom modelu vidljivo je da udio
katalizatora ima najveci pozitivan utjecaj na konverziju, a zatim omjer butanola i ulja.
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Slika 3. Usporedba eksperimentalno odredenih konverzija (Xeyp) i
konverzija predvidenih modelom (X,,)
Fig. 3. Relationship between experimentally obtained (X.y,) and
conversions predicted by the model (X,,)

Modelom dobivene odzivne povrSine konverzija, na kojima konture povezuju tocke s istom

predvidenom konverzijom, dobivene varijacijom glavnih parametara u zadanim rasponima
vrijednosti prikazane su na slikama 4-6.
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Tablica 1. Popis pokusa s vrijednostima parametara i izraGunatim konverzijama
Table 1. List of experiments with factor values and calculated conversions

Broj T,°C th mgl//[ri;ol Wiat, %0 P(4,0)/P(2,8) | Xeksp mol%
1 80 2 4 2 1,1013 59,1
2 60 3 6 1 0,7940 42,6
3 60 2 6 2 1,4593 78,3
4 80 2 6 1 0,3341 17,9
5 40 2 8 2 1,5300 82,1
6 60 2 4 1 0,5462 29,3
7 40 3 6 2 1,4679 78,8
8 60 2 6 2 0;6889 370
9 60 1 4 2 0,9857 52,9
10 60 1 6 3 1,5342 82,4
11 40 2 6 3 1,6959 91,1
12 60 2 6 2 1,4515 77,9
13 40 1 6 2 1,5128 81,2
14 40 2 4 2 1,2058 64,7
15 60 3 6 3 1,5437 82,9
16 60 2 8 3 1,6932 90,9
17 60 1 8 2 1,5618 83,9
18 80 2 8 2 1,0978 58,9
19 40 2 6 1 0,8110 43,5
20 60 3 8 2 0,8214 44,1
21 80 1 6 2 1,0287 55,2
22 80 2 6 3 0,9380 50,4
23 60 2 6 2 1,6060 86,2
24 60 2 4 3 1,4971 80,4
25 60 3 4 2 1,2185 65,4
26 60 2 6 2 1,5557 83,5
27 80 3 6 2 1,1647 62,5
28 60 2 6 2 1,5780 84,7
29 60 1 6 1 1,0486 56,3
30 60 2 8 1 1,0208 54,8

Sa slike 4 vidljivo je da s povecanjem omjera B/U do vrijednosti od oko 7 pri istoj koli€ini
katalizatora raste konverzija. Visoke konverzije mogu se dobiti i za niske omjere butanola i ulja, ali
uz vece koli¢ine katalizatora. Najveca konverzija postiZe se pri omjeru B/U od oko 6,5 mol/mol i uz
razmjerno visoki udio katalizatora od priblizno 2,75 mas. %. Na Slici 5 prikazana je odzivna
povrSina na kojoj se mijenjaju vrijeme i maseni udio katalizatora, a druga dva parametra su na
srednjim vrijednostima.
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Utjecaj vremena gotovo je zanemariv u usporedbi s utjecajem koncentracije katalizatora. Kao §to je
i prije komentirano, konverzije preko 80 % dobivaju se ve¢ pri vremenu od 1 h i za udjele
katalizatora vece od 2 mas. %.
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Slika 4. Ovisnost izraCunate konverzije X, o0 omjeru butanola i ulja (A/U) te udjelu katalizatora
(temperatura je 60 °C, a vrijeme 2 h)
Fig. 4. Dependence of calculated conversion X, on butanol to oil ratio (A/U) and catalyst
concentration (temperature 60 °C, reaction time 2 h)
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Slika 5. Ovisnost izracunate konverzije X, o vremenu i udjelu katalizatora (temperatura je 60 °C, a
omjer butanola i ulja 6:1)
Fig. 5. Dependence of calculated conversion X, on reaction time and catalyst concentration
(temperature 60 °C, butanol to oil ratio 6:1)
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Slika 6. Ovisnost izra¢unate konverzije X, o temperaturi i vremenu reakcije (omjer butanola i ulja
je 6:1, a udio katalizatora 2 mas. %)
Fig. 6. Dependence of calculated conversion X, on temperature and reaction time (butanol to oil
ratio 6:1, catalyst concentration 2 wt. %)

Na Slici 6 prikazana je ovisnost konverzije o temperaturi i vremenu reakcije dok su druga dva
ulazna parametra na srednjim vrijednostima. Opdenito, poveéanjem temperature raste brzina
reakcije, ali ¢e u egzotermnim reakcijama (poput transesterifikacije) povecanje temperature
negativno utjecati na stanje ravnoteze. Prema Slici 6, vidljivo je da je negativan utjecaj povecanja
temperature na ravnotezu reakcije ve¢i od pozitivnog utjecaja na brzinu reakcije, pri istrazenim
uvjetima. Odnosno, brzina reakcije je razmjerno velika i pri temperaturi nizoj od 40 °C jer se
postizu konverzije preko 80 % i to u razmjerno kratkom vremenu od 1 h. Najveéa konverzija dobiva
se pri temperaturi od oko 50 °C i vremenu reakcije od oko 1,5 h. Sa slike je takoder vidljivo da u
istraZzenim rasponima vrijednosti, temperatura ima veci utjecaj na konverziju nego vrijeme.

Optimiranje reakcije transesterifikacije

Nakon $to su analizirani konturni dijagrami izvedeni iz dobivenog empirijskog modela, provedeno
je optimiranje procesa prema razli¢itim funkcijama cilja ¢ime je ujedno provjerena valjanost
modela. Provedena su Cetiri pokusa kojima je cilj bio dobiti maksimalnu ili potpunu konverziju uz
zadano ogranicenje nekih od ulaznih faktora, na primjer smanjenje omjera B/U ili minimiziranje
koncentracije katalizatora. Rezultati provedenog optimiranja dani su u Tablici 2.

Cilj pokusa Opl i Op2 je postizanje $to vece konverzije uz smanjenje koli¢ine katalizatora (Op1) ili
smanjenje koli¢ine katalizatora i omjera butanol/ulje (Op2). Cilj pokusa Op3 bio je posti¢i potpunu
konverziju, bez ograni¢enja ulaznih faktora. Pokus Op4 osmisljen je za istrazivanje reakcije u Sirem
podrucju vrijednosti omjera butanol/ulje i vremena reakcije uz uStedu katalizatora i s ciljem
postizanja Sto vece konverzije. Naime, provodenjem reakcije u industrijskom mjerilu postoji
mogucénost regeneracije i povrata butanola pa koristenje veée koli¢ine alkohola od stehiometrijske
ne mora imati presudnu ulogu.
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U tablici 2, faktor zeljenosti f oznaava podudaranje predvidenog pokusa (i predvidenih rezultata) sa
zadanim vaznostima ciljeva iz pojedine funkcije cilja (1 znaci potpuno podudaranje predvidenog
pokusa s funkcijom cilja, a 0 znaci nepoklapanje).

Tablica 2. Teorijska (X;,) i eksperimentalna (X.,) konverzija dobivena provedbom pokusa pri
procesnim uvjetima izraCunatima optimiranjem

Table 2. Theoretical (X.,) and experimental (X..,) conversion obtained for reactions under
optimized conditions

Pokus T, t, B/U, Wit Kins f Xexps
°C h mol/mol mas. % mol. % mol. %

Opl 45,7 1,00 8,00 1,26 78,8 0,80 67,3

Op2 54,0 2,49 4,54 1,86 73,1 0,64 71,1

Op3 47,6 1,01 8,65 2,33 100,0 1,00 86,1

Op4 40,5 0,50 9,82 1,38 92,4 0,87 84,9

Eksperimentalno dobivene konverzije provedenih pokusa su manje od predvidenih, osim za pokus
Op2 gdje je dobiveno dobro slaganje. U tom slucaju dobivena je konverzija od oko 71 mol. % (u
planu pokusa ostvarene su konverzije i veée od 90 mol. %, ali uz visoki udjel katalizatora od 3 mas.
%), uz odredenu ustedu butanola i katalizatora i uz nesto dulje vrijeme reakcije. U pokusu Op3, u
kojem je predvideno dobivanje potpune konverzije uz ekstrapolaciju utjecaja omjera butanola i ulja,
ostvarena je najveca konverzija iz ovog seta pokusa §to znaéi da je pogoden trend ponaSanja
konverzije. Konverzija dobivena u pokusu Op4 je takoder razmjerno blizu predvidenoj vrijednosti
¢ime je potvrdeno da se visoke konverzije mogu dobiti za kratko vrijeme reakcije od 30 min, pri
temperaturi na donjoj granici istrazenog podrucja te uz vrlo malu koli¢inu katalizatora, ali je pri
tome nuzan visoki omjer butanol/ulje.

Zakljucci

Za sintezu biodizela koriSteno je otpadno restoransko ulje za koje se pokazalo da ima visoku
kvalitetu s obzirom na kljucne parametre (sadrzaj vode i kiselinski broj, to jest sadrzaj slobodnih
masnih kiselina) i n-butanol. Kao katalizator za transesterifikaciju ulja koristen je novi gvanidinski
katalizator za koji je u prethodnim istrazivanjima (Racar, 2015) utvrdeno da ima visoku aktivnost za
reakciju ulja s nizim alkoholima. U programskom paketu Design Expert izraden je Box-Behnkenov
plan pokusa prema kojem su se Cetiri najvaznija reakcijska parametra (temperatura, vrijeme, maseni
udio katalizatora, molarni omjer reaktanata) varirala na tri razine kodiranih vrijednosti -1, 0 i 1.
Primjenom NMR analize dobiveni su rezultati koji upuéuju na to da koli¢ina katalizatora ima
najveéi utjecaj na konverziju reakcije, a najmanji utjecaj ima vrijeme reakcije. Pomoc¢u dobivenog
empirijskog modela, a uz razliCite funkcije cilja, provedena su cetiri dodatna pokusa koji su
potvrdili valjanost modela u smislu predvidanja trenda kretanja konverzije, ali su u stvarnosti
dobivene konverzije manje od onih predvidenih modelom. Najblize rezultate pokazao je pokus
(Op4) u kojemu je cilj bio ostvariti potpunu konverziju uz ustedu katalizatora s faktorom vaznosti 3,
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a dopusteno je ekstrapoliranje temperature, vremena i omjera butanola i ulja. Za (Op4) predvidena
je konverzija od 92,4 mol. % na temperaturi 40,5 °C, u vremenu 30 min, s omjerom butanola i ulja
9,82 mol/mol i masenim udjelom katalizatora od 1,4 mas. %. Eksperimentalno je dobivena
konverzija od 84,9 mol. %. Za poboljsanje procesa, osim odabira optimalnih parametara, potrebno
je 1 razdvajati tvari iz zavr$ne reakcijske smjese i regenerirati nereagirane reaktante (posebice
butanol ako se dodaje u velikom suvisku).
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Summary

Great demands on world’s limited supplies of raw materials have induced the development of
circular economy. It is a concept where products would be made a part of a network in which reuse
and redevelopment of products and materials would guarantee permanent recycling of resources.
Recycling of waste vegetable oils is a part of that concept. In this paper, synthesis of biodiesel from
waste restaurant oil and n-butanol with N,N',N"-tris(3-dimethylamino)propyl guanidine as catalyst is
described. Advantage of guanidine over conventional base catalysts is avoidance of undesirable
saponification process, in presence of water, while retaining high catalyst activity. Influence of most
important process factors, temperature, time, mass fraction of catalyst and butanol to oil molar ratio,
on conversion rate for biodiesel production has been investigated using Design of Experiments and
factor analysis. Conversion rate has been determined by using NMR spectroscopy. An empirical
model, for prediction of conversion rate for any combination of input factors, has been created. The
model was validated by different objective functions in which the aim was to obtain high conversion
rate with the lowest amount of catalyst. For one of objective functions, optimal factors were:
temperature 40.5 °C, time 30 min, molar ratio of reactants 9.8 mol/mol and catalyst mass fraction
1.4 % with predicted conversion rate of 92.4 %. Experimentally determined conversion rate for that
combination of factors was 84.9 %.

Keywords: biodiesel, waste vegetable oil, butanol, transesterification, guanidine catalyst
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Comparison of the powder and monolithic Mn-Ni catalyst
in toluene combustion
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Summary

One of the major air pollutants that give rise to harmful health and environmental effects are volatile
organic compounds (VOCs) emitted from many of anthropogenic sources. Among existing
destructive VOCs removal methods, catalytic combustion is the most convenient one due to low
reaction temperatures that lead to lower NO, and CO emissions. Catalysts usually used in this
process are supported or unsupported noble metals and transition metal oxides or their
combinations. Recently, many efforts have been made on the utilization of the low-cost and
environment-friendly raw materials, such as manganese oxide combined with nickel, which have
been investigated in this research. In this study toluene has been chosen as a representative volatile
organic compound, since it contains aromatic ring which cannot be easily degraded.

Catalysts based on the mixed manganese oxides were synthesized by the co-precipitation method
and characterized using different instrumental techniques (such as DSC, FTIR, SEM, etc.)
Monolithic Mn-Ni catalyst was prepared using the washcoating method. Catalytic combustion of
toluene was carried out both in the fixed bed reactor (catalyst in the powder form) and in the
metallic monolith reactor. Reaction was performed at different reaction temperatures and different
total flow rates of the reaction mixture (23-100 cm’/min). It was revealed that the manganese-nickel
mixed oxide catalysts show good catalytic activity, achieving a complete oxidation of toluene in the
temperature range of 230-350 °C, depending on the space time inside the reactor, toluene inlet
concentration and the type of catalyst used.

Keywords: VOC, toluene combustion, Mn-Ni oxides, metallic monolith

Introduction

Volatile organic compounds attracted great attention of researchers in the field of environmental
protection, because of their high toxicity contribution to the air, water and soil pollution, as well as
due to their participation in the emergence of the greenhouse effect, acid rain formation and the
destruction of stratospheric ozone. A majority of VOCs emissions are result of antrophogenic
activities, such as fuel combustion, industrial processes, non and on-road vehicles (Ihm, 2000).
When there is no interest in recovering VOCs, they are usually destroyed by catalytic oxidation,
which is more preferable than thermal one, due to lower reaction temperatures that lead to lower
NO, and CO emissions.
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In the commercial combustion processes, noble metal catalysts (mainly Pt and Pd) are mostly used,
because of their high activity and good stability. In terms of economical and practical consideration,
other materials that present alternative to noble metals, have been studied. Among examined
catalytic materials, catalysts based on transition metal oxides (such as Ni, Co, Cu, Cr, Mn and Fe)
showed good activity in comparison to noble metals. Besides, they are less expensive and less
sensitive to poisoning (Huang et al., 2016; Andersson et al., 1996; Bernier et al., 1998). The single
oxide of MnO, was proved to exhibit high activity in VOCs conversion, which can be attributed to
the capability of manganese to form oxides with different oxidation states and to their oxygen
storage capacity (Armaroli et al., 1999).

In an attempt to develop more efficient catalyst formulations for VOCs combustion, many
investigations were focused on the study of catalytic performance of binary mixtures of different
transition metal oxides (Barbero et al., 2006, 2007; Banu et al., 2015; Jiang et al., 2009). For
instance, catalytic activity of a series of binary mixtures of copper, manganese and cerium oxides
supported on high surface area y-Al,O; for toluene oxidation has been studied in comparison with
the corresponding single metal oxide components. Optimal results were obtained for 10 CuO-60
MnO, 30 MnO-50 CeO, and 15 CuO-75 CeO, catalysts (e.g. 10 CuO-60 MnO refers to a catalyst
consisting of 10% of CuO, 60% of MnO and 30% of Al,O;, by weight), with complete oxidation at
temperatures around 280 °C, i.e., considerably lower than those of the corresponding single oxide
catalysts (Kondarides et al., 2011). The obtained results reveal that the improved performance of
mixed oxide catalysts is not due to formation of solid solutions or new mixed-oxide phases, but due
to facile spreading of one MO, species onto the other, which results in materials with increased
surface area. Another example of the improved catalytic activity of combined metal oxides in
comparison to single ones are manganese copper mixed oxide catalysts (Mn-Cu, respectively),
prepared by co-precipitation varying the aging time for 4, 18 and 24h (Barbero et al., 2006). These
catalysts showed better catalytic performance in propane and ethanol total oxidation than Mn,O;
and CuO pure oxides (prepared by the same method as Mn-Cu catalysts), respectively. It was also
found that the increase of the aging time increased the catalytic activity and the selectivity to CO,.
The same trend was shown in the catalytic evaluation in ethanol and propane combustion over Mn-
Ni, Mn-Fe and their pure oxides (Barbero et al., 2007). In order to apply these alternative catalysts
in catalytic combustion of VOCs at the industrial level, they should be deposited on a structured
support that allows treating large gas flows under the low pressure drop. The most popular
structured supports used in the practice are ceramic or metallic monoliths.

Monolithic catalysts and/or reactors are representatives of the system in which common differences
between a catalyst and a reactor disappear relevant to the micro and meso-scale level (Jovi¢ et al.,
2006). The largest application of the monoliths is in the automotive industry for the cleanup of
exhaust gases. Other widespread applications are the selective catalytic reduction of off-gases of the
power stations and the ozone destruction in airplanes (Beers et al., 2001). Also, many researchers
consider the application of monoliths as a replacement for a conventional reactor in multi-phase
reactions (Hoek et al., 2004; Heiszwolf et al., 1999). As we know, till now there is only one
example of the large-scale industrial application of monolithic catalysts in a multiphase process -
the production of hydrogen peroxide using the anthraquinone process.

Recently, metallic monoliths have become very popular due to their high thermal conductivities,
lower heat capacities, greater thermal and mechanical shock resistance and smaller wall thickness,
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allowing the higher cell density and lower pressure drop than ceramic ones (Avila et al., 2005).
Different metalls and alloys are investigated for the manufacture of monolithic structures in the
search for mechanical, chemical and thermal stability and availability in thin foils, e.g. Ni-Cr alloys,
AISI 304 stainless steel, ferritic steel containing alumina (FeCrAlloy®) and aluminum coated by
Al,O; produced by anodization (Barbero et al., 2011). There are few well-developed procedures for
coating of the active phase on the metallic monolithic support, for instance ion-exchange,
homogeneous deposition-precipitation, impregnation and washcoating, which were explained in
detail by Beers et al. (2001). In the study of Burgos et al. (2000) Al/Al,O; monoliths impregnated
with noble metal (Pt or Pd) have been evaluated in the catalytic oxidation of toluene. The resulting
impregnated monoliths have shown high activity in the complete oxidation of toluene, even higher
than the same catalyst supported on powder Al,O;. Considering that transition metal oxides are a
more economical alternative, and, moreover, they demonstrated excellent catalytic behavior in
oxidation reactions, the aim of this work was to develop an optimized Mn-Ni catalyst on a metallic
monolith support by means of washcoating. Monolithic catalyst was then compared to Mn-Ni
catalyst in powder form in the catalytic oxidation of toluene and obtained results were compared
and discussed.

Materials and Methods

The preparation procedures for powder and monolithic Mn-Ni oxide catalysts, together with
instrumental techniques applied for catalyst characterization were presented. Also, experimental set-
up and method of toluene determination were described.

Catalyst preparation

The powder catalyst was synthesized by the co-precipitation method using a similar procedure as
described in the literature (Barbero et al., 2007; Habibi et al., 2003). Aqueous solutions of
Ni(NOs),"6H,0 (0.25 M) and Mn(NO3),-4H,0 (0.25 M) were prepared and stirred for 5 min. The
Mn/Ni atomic ratio was equal to 1. Aqueous Na,COj; (first 1 M, then 0.25 M) was added to stirred
nitrate solution, while the temperature was maintained within the range of 25-30 °C until, pH of 8.4
was achieved. The obtained precipitate was then left in this medium for 24 h. Then it was filtered,
washed several times with distilled water and dried at 120 °C for 12 h obtaining the precursor. At
the end, the precipitate was calcined at 250 °C (2 h) and 500 °C (3 h) to give the final catalyst. The
powder material was then pressed under the pressure of 6x10° Pa, gently crushed and sieved to
obtain particles of 0.315-0.400 mm diameter.

The monoliths were prepared from thin foils of Al/Al,O5 (0.145 mm thickness), both sides anodized
in oxalic acid at 40 °C. Anodized foils were donated from metallurgical industry Cinkarna,
Slovenia. The monolithic structures were made by rolling around a spindle crimped foil. The
monoliths (4 cm long and 0.6 cm of diameter) were then treated with 65 wt% HNOj; in order to
eliminate impurities and washed with distilled water. Then they were dried at 120 °C for 1 h and
calcined at 500 °C for 2 h. Monolithic structures were dipped in a solution containing
Ni(NOs),"6H,0, Mn(NOs),-4H,0 and citric acid for 30 minutes. Afterwards, they were dried at 120
°C for 1 h and calcined at 500 °C for 2 h. The preparation procedure is a modification of the
procedure reported in the literature (Barbero et al., 2008).
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Catalyst characterization

Characterization of the powder catalysts included nitrogen adsorption-desorption analysis,
differential scanning calorimetry (DSC), scanning electron microscopy (SEM) with energy
dispersive X-ray (EDX) analysis and Fourier-transform infrared spectroscopy (FTIR).

Nitrogen adsorption and desorption isotherms were determined at -196 °C by means of ASAP-2000
analyzer (Micrometrics Inc.), from which surface area, the pore volume and pore diameter were
determined, based on the Brunauer-Emmet-Teller (BET) model.

The morphology of the powder catalyst sample was examined with a SEM Tescan Vega III
Easyprobe. This instrument is fully integrated with EDX microanalyser for automatic quantitative
elemental analysis.

DSC analysis of the powder catalyst after the preparation and thermal treatment (drying at 120 °C)
was performed on the Mettler Toledo DSC 823° instrument, based on the well proven Boersma or
heat flux principle. The analysis was carried out in the temperature range from 25 to 550 °C, at the
heating rate of 10 °C/min in an inert atmosphere of N, stream (50 cm®/min).

FTIR spectra of the powder catalyst before and after the reaction were registered using a
PerkinElmer® Spectrum One spectrometer at the room temperature in a wavelength range from 600
to 4000 1/cm.

Catalytic tests

Mixed Mn-Ni oxide catalysts (mass of the powder catalyst was 0.3 g; mass of the active component
in the monolithic form was 0.0035 g) were evaluated in the toluene combustion under atmospheric
pressure. The reactor system consisted of tubular stainless steel fixed-bed reactor (inner diameter
was 8 mm), located in a vertical quartz furnace, whose temperature was regulated by a proportional-
integral-derivative (PID) thermo-controller (TC208 Series). The catalyst was loaded into the reactor
between two quartz wool plugs in order to achieve an uniform gas flow across the catalytic bed. The
reaction temperature was recorded with a K-type thermocouple, placed in the centre of the reactor.
The vapor toluene was achieved using two approaches: a) by bubbling a stream of helium (He)
through a saturator containing liquid toluene and b) using a gaseous mixture of toluene in nitrogen
(inlet toluene concentration in nitrogen was 243 ppm). In the first case, a stream of He saturated
with toluene was further diluted with synthetic air (oxidant).

A schematic illustration of the apparatus in the system with a saturator is presented in Fig. 1. The
feed mixture was controlled using the mass flow controllers (MFC) (Brooks). The gaseous mixture
was analyzed before and after reaction by gas chromatography (GC) on-line using a GC-2014
chromatograph (Shimadzu), equipped with flame ionization detector (FID). The conditions of the
chromatographic analysis are described in Table 1. The data reported at each reaction temperature
and the total flow rate were the average of three measurements at the steady-state conditions. The
catalyst activity for toluene oxidation was evaluated by conversion of toluene, calculated as a
function of the reaction temperature from the concentration of toluene at the inlet and outlet of the
reactor, i.e., (C(tolueneyy — C(toluene)oyger)/C(toluene)in). Inlet concentration of toluene in the
reaction mixture was constant.

Reaction conditions used in the toluene combustion for powder and monolithic catalysts are
presented in Table 2.
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Fig. 1. Schematic illustration of the apparatus

Table 1. The conditions of the chromatographic analysis

GC/FID Shimadzu 2014
Column Carbowax 20M
Filler dimensions (pm) 250/177
Loop volume (cm?®) 0.5
Carrier gas N,
Detector temperature (°C) 250
Column temperature (°C) 120
Table 2. Reaction conditions
Value
Variable
Powder Monolith 1 Monolith 2
Toluene concentration (ppm) 18000 20000 48-233
Pressure (Pa) 101325
Temperature (°C) 100-380
Total flow rate (cm®/min) 23-100
Catalyst mass (g) 0.3 0.0035 0.0025
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Preliminary results obtained from the combustion tests over a monolithic catalyst (monolith 1)
evidenced that its activity is comparable to the activity of powder catalyst. To make further
investigations, second monolithic catalyst (monolith 2) was prepared by the same procedure and
tested in toluene combustion using a much lower inlet concentration of toluene. To examine the
adaptability of the monolithic catalyst to the operating conditions, the toluene combustion was
performed at different space times in the reactor and at different feed gas concentrations. Space time
in the reactor was varied by changing total flow rates of the reaction mixture at the constant mass
(or volume) of catalyst.

Results and Discussion

Catalysts based on the mixed Mn-Ni oxides were synthesized by the co-precipitation and
washcoating method and characterized using different instrumental techniques. These catalysts were
evaluated for toluene combustion performed in the fixed bed reactor.

Catalyst characterization

The chemical composition of the catalyst sample, estimated by EDX analysis and the
physicochemical properties (specific surface area Sggr, pore volume Vpogrg and pore diameter d),
determined by N, adsorption-desorption analysis are reported in Table 3. It was shown that powder
Mn-Ni catalyst possess a specific surface area of 38.4 m%/g, which is similar to the value reported in
the literature (Barbero et al., 2007). Based on the determined value of average pore diameter of
approx. 20 nm, in terms of IUPAC standards, the catalyst can be classified in the group of
mesoporous catalytic materials. The results of EDX analysis confirmed expected Mn/Ni atomic
ratio. The SEM image of the prepared Mn-Ni catalyst is shown in Fig. 2. It can be seen that the
surface of the catalyst consists mainly of spherical clusters with cca. 2 um size. The FT-IR spectra
of the catalyst before and after performing the reaction is shown in Fig. 3. Comparison of the
spectra of the fresh catalyst and catalyst after the reaction showed the absence of changes in the
catalyst structure which could arise due to a by-product adsorption to the catalyst surface during the
reaction. Results of the DSC analysis (Fig. 4.) showed first endotermic peak in the temperature
range from 50 to 100 °C, corresponding to water desorption, and second endotermic peak from 255
to 313 °C, which indicates a significant change in the crystal structure of the catalyst. To prevent the
influence of the crystal structure change on the catalytic activity during toluene oxidation, catalyst
has been calcined at 500 °C for 3 h, after which these peaks have not been found on a DSC spectra.

Table 3. Physicochemical properties of the prepared powder Mn-Ni catalyst

G . . Weight atomic ratio® (%)
Catalyst (n?zE/T) Vpore™ (m’/g)  d* (nm)
& Mn Ni 0
Mn-Ni 384 0.1956 20.3752 40 36.1 14.2

*Determined from the N, adsorption-desorption isotherms

°Determined from spectrometric analysis (EDX)
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Fig. 2. SEM images of powder Mn-Ni catalyst
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Fig. 3. FT-IR spectra of the sample catalyst: a) before reaction, b) after reaction
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Fig. 4. Results of DSC analysis of the powder catalyst sample
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Catalytic testing of the powder catalyst

A simplified mechanism for toluene oxidation is shown in Fig. 5. It is known from earlier studies
(Liu et al., 2004; Boikov et al., 2008) that possible products during partial toluene oxidation are
benzaldehyde, benzoic acid, maleic anhydride and carbon oxides. While the reaction products could
not be analyzed by gas chromatography, the conversion was calculated based on toluene
consumption. Catalytic tests for toluene oxidation over powder Mn-Ni catalyst were performed at
different total flow rates (25-100 cm’/min) and in the temperature range of 150 to 350 °C. The
obtained light-off curves as a function of reaction temperature are shown in Fig. 6. Contrary to the
theoretical expectations, the increase of the space time at the same temperature resulted in
decreasing of toluene conversion, except at a temperature of 200 °C. This can be explained by the
temperature variations and incomplete saturation of He with toluene, especially when experiments
were performed at the greater flow rates of toluene. Taking this into account, probably the influence
of the space time on the toluene concentration before entering the reactor, and thus, toluene
conversion inside the reactor, was greater in the saturator system than inside the reactor. To avoid
such unexpected results all additional experiment were performed using a bottle containing a
mixture of toluene in nitrogen with a known inlet toluene concentration. However, based on
preliminary results it was evident that under reaction conditions employed in this study the
conversion of toluene started at approximately 170 °C and was completed below 350 °C.

COOH o

@@@ -

toluene benzaldehyde benzoic acid benzene
\/ (mtermedly

co,Co, —=— (o,

enzoqumone
(intermediate)

maleinic anhydride
Fig. 5. Reaction of toluene oxidation with possible products and by-products

Powder vs. monolithic catalyst

The activity of powder and monolithic catalyst based on the mixed Mn-Ni oxide was compared in
toluene combustion at a total flow rate of 25 cm*/min and at temperatures ranging from 170 to 380
°C. In Fig. 7., it can be observed that monolithic catalyst (monolith 1) showed similar, at some
temperatures even better catalytic performance in comparison to the powder one. Taking into
account that the mass of the catalytically active phase deposited on a monolithic support was almost

127



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Kemijsko i biokemijsko inZenjerstvo / Chemical and Biochemical Engineering

100 times less than the corresponding mass in the powder catalyst, a small difference in their
catalytic behavior becomes very significant. The obtained results for powder Mn-Ni catalyst were
comparable to similar results reported in the literature (Barbero at al., 2007). These researchers have
used manganese nickel mixed oxide catalysts, MnNiy as well as NiO and Mn,O; pure oxides in the
combustion of propane, selected as model volatile organic compound. In their work complete
conversion of propane was observed at a temperature of cca. 320 °C, while the temperature of 100
% toluene conversion was 370 °C. Taking into account that toluene contains an aromatic ring,
which is hardly degradable, it can be concluded that the activity of Mn-Ni mixed oxide catalyst is
quite similar for both volatile organic compounds. Furthermore, after performing catalytic tests at
high conversions over both, powder and monolithic catalyst for a longer time, no deactivation was
observed, showing the high stability of these transition-metal oxide catalysts. It is known, that in
commercial applications, catalytic stability as well as activity is a very important factor.

Based on the basis presented so far, it was decided to evaluate the catalytic behavior of the second
monolith sample (monolith 2) in the toluene combustion, using a much lower inlet toluene
concentration and avoiding experimental problems associated with achieving the desired toluene
concentration before entering the reactor. In the following experiments the influence of the space
time and inlet concentration of toluene at different total flow rates and reaction temperatures on
toluene conversion was examined in more details.
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Fig. 6. Conversion of toluene over mixed Mn-Ni oxide powder catalyst as a function of temperature
and space time inside the reactor (Meyaiys=0.3 g)
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Fig. 7. Comparison of the results obtained for toluene combustion using the fixed bed reactor
and metallic monolith reactor

Effect of the space time

The reaction of toluene oxidation was performed at different total flow rates, different temperatures
and at constant inlet toluene concentration (210.43 ppm in N,), as well as at the constant volumetric
ratio of toluene/N, and air (20:3). As it can be seen in Fig. 8., an increase in the total gas flow rate
results in a decrease of the toluene conversion due to a significant decrease in the contact time
between the reactants and catalyst. This is particularly evident at 175 and 200 °C, while the
complete oxidation of toluene is achieved at only 230 °C for a whole range of the total flow rates
employed during this investigation. Similar results were reported by Li et al. (2012) in the toluene
oxidation over metallic monolith catalysts based on noble metals, e.g. Pd/FeCrAl. Obviously,
metallic monoliths containing Mn-Ni mixed oxide as a catalytically active component may be used
as a suitable substitute for the more expensive catalysts based on noble metals.

Effect of the inlet toluene concentration

Further catalytic experiments have been performed at different inlet toluene concentration (48.4-
193.6 ppm). The inlet toluene concentration has been changed by diluting the reaction mixture at the
constant volumetric ratio of the reaction mixture and oxidant (20:3) with a stream of N, to achieve
the total volumetric flow rate of 100 cm’/min. Fig. 9. shows the influence of the inlet toluene
concentration on toluene conversion at different temperatures and at a constant total flow rate of
reaction mixture. It can be seen that the increase of the inlet toluene concentration at the same
temperature results in the higher toluene conversion. This can be explained by the fact that the
catalyst surface is more covered with molecules of the reactant, and thus, a greater amount of
molecules is active in the oxidation reaction when higher toluene concentrations are used.
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Again, the increase in temperature at a constant toluene concentration has a significant influence on
the conversion which is in line with our expectations.
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Fig. 8. Toluene conversion as a function of the reaction temperature and space time at constant
toluene inlet concentration and catalyst weight (y(toluene)=210.43 ppm; m (monolith 2)=0.0025 g)
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Fig. 9. Conversion of toluene over monolith 2 as a function of toluene inlet concentration at
different reaction temperatures and constant total flow rate (v=100 cm®/min)
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Conclusions

This paper presents an experimental investigation of the catalytic properties of the mixed Mn-Ni
based oxide catalysts in toluene combustion. The results of the catalytic tests reveal that the powder
catalyst, prepared using the co-precipitation method, presents good activity in the toluene total
oxidation, showing complete conversion of toluene at temperature of 350 °C. Similar results have
been achieved in the testing of monolithic Mn-Ni catalyst, with much lower amounts of catalytically
active phase.

The complete conversion of toluene over a monolithic catalyst in the system with much lower inlet
toluene concentration was observed at much lower reaction temperatures, 230-250 °C, depending on
the space time inside the reactor. Comparing the results obtained at different inlet toluene
concentration, it is clear that the conversion of toluene increases at greater inlet toluene
concentration. This is probably because the catalyst possesses a large specific surface area with
sufficient number of catalytically active sites. Therefore, the performance of a Mn-Ni based oxide
washcoated on metallic monoliths is very promising for catalytic combustion of toluene and other
volatile organic compounds. Future research will include further improvement of the activities of
the mixed oxides of manganese and other transition metals, with special emphasis on analysis and
modelling of the metal monolith reactor using the basic methodology of chemical engineering.
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Sazetak

U ovom radu istrazena su toplinska svojstva binarnih (PCL/BW, PCL/PLA) i ternarnih
(PCL/BW/PLA) mjesavina biorazgradljivih polimera poli(e-kaprolaktona) (PCL) i polilaktida
(PLA) uz dodatak pcelinjeg voska (BW). Mjesavine razliCitog sastava pripravljene su
zamjeSavanjem u talini. Toplinska svojstva odredena su primjenom diferencijalne pretrazne
kalorimetrije i termogravimetrijske analize. DSC analizom je utvrdeno da BW ima razliCiti utjecaj
na PCL i PLA polimer. BW pokazuje nukleacijski u¢inak prema PCL dok ometa kristalizaciju PLA.
Toplinska postojanost binarnih mjesavina PCL/BW raste s porastom koli¢ine BW. Dodatak 5%BW
u PCL i PLA polimere doprinosi boljoj toplinskoj postojanosti PCL i PLA dok u ternarnim
mjesavinama rezultira snizenjem toplinske postojanosti.

Kljucne rijeci: pcelinji vosak, poli(e-kaprolakton), polilaktid, toplinska svojstva

Uvod

Pcelinji vosak (eng. beeswax, BW) je organska tvorevina koja se uglavnom sastoji od estera masnih
kiselina i alkohola, parafinskih ugljikovodika (alkana) i slobodnih masnih kiselina, uz razne druge
spojeve i necistoce u tragovima (Bogdanov, 2009). Péelinji vosak ima tipi¢an miris koji potje¢e od
pcela, meda, propolisa i peludi a njegova Zuta boja potjece od propolisa i peludi. Smeda boja voska
ukazuje na prisutnost izluCevina larvi. P¢elinji vosak je inertan materijal visoke plasti¢nosti pri
relativno niskoj temperaturi (oko 32°C) i kristalaste je strukture. Pcelinji vosak pokazuje
antimikrobno djelovanje koje ukljucuje antibakterijsko, antifungicidno i antivuirusno djelovanje. To
svojstvo pcelinjih proizvoda vazno je u borbi protiv infekcija uzrokovanih mikrobima. Dva
najvaznija antimikrobna proizvoda péela su med i propolis (Fratini i sur., 2016). Dodatak pcelinjeg
voska biorazgradljivim polimerima omogucava dobivanje materijala s antimikrobnim ucinkom
(Martinez-Abad i sur., 2014). Linearni termoplasti¢ni alifatski poliesteri poli(e-kaprolakton) (PCL) i
polilaktid (PLA) pokazuju dobra svojstva biorazgradljivosti, biokompatibilnosti i netoksi¢nosti $to
ih ¢ini vaznim sirovinama za izradu biomedicinskih materijala. Nalaze primjenu u inZenjerstvu tkiva
i izradi implantata za nadomjestaj koStanog tkiva (Tan i sur., 2013, Abedalwafa i sur., 2013,
Woodruff i sur.,, 2010). PCL ima dobra svojstva fleksibilnosti i obradivosti te se lako moze
oblikovati primjenom razli¢itih tehnika (protiskivanjem, preSanjem, izvlacenjem u niti i
izlijevanjem).
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Zbog visoke kristalnosti PCL njegova je razgradnja sporija u odnosu na PLA polimer. Uz to, zbog
hidrofobnosti PCL-a nije lako kontrolirati brzinu njegove razgradnje (Woodruff i sur., 2010). PLA
je krhak polimer visoke Cvrstoce i brze razgradnje. ZamijeSavanje polimera u talini predstavlja
relativno jednostavan 1 jeftini nadin modifikacije polimernih svojstava u odnosu na
kopolimerizaciju. MjeSavine posjeduju svojstva koja se razlikuju od svojstava svake pojedine
komponente te se odabirom odgovarajuceg sastava polimera mogu dobiti materijali specificnih
svojstava. ZamijeSavanjem PCL s PLA polimerom mogu se modelirati svojstva materijala prema
zeljenoj primjeni, definirane morfologije i brzine razgradnje. PCL i PLA polimeri rezultiraju
nemjesljivom mjeSavinom (Dell'Erba i sur., 2001). Dodatkom tre¢e komponente moguce je
poboljsati kompatibilnost dvaju polimera. Dodatak pcelinjeg voska biorazgradljivim polimerima
PCL i PLA omogucava dobivanje materijala novih svojstava uz dodatnu prednost antimikrobnog
uéinka. U ovom radu istrazen je utjecaj pcelinjeg voska (BW) na toplinska svojstva binarnih
PCL/BW i ternarnih PCL/BW/PLA mjeSavina.

Materijali i metode

Materijali koristeni u radu su: poli(e-kaprolakton) (PCL) Capa 6800 - MFR vrijednosti 2,4 g/10 min
(160°C, 2,16 kg), talista 58-60°C, staklista -60°C, gustoce 1,145 g/cm3, proizvodaca Perstorp, UK;
polilaktid (PLA) Ingeo 3251D - MFR vrijednosti 35 g/10 min (190°C, 2,16 kg), talista 155-170°C,
staklita 55-60°C, gusto¢e 1,24 g/cm’, proizvodata NatureWorks, SAD; péelinji vosak (BW) —
prirodni nerafinirani p&elinji vosak, tali§ta 61-66 °C, gusto¢e 0,960 g/cm’, domace proizvodnje,
Hrvatska.

Binarne PCL/PLA mjeSavine sastava 100/0, 70/30, 50/50, 30/70, 0/100 i ternarne PCL/BW/PLA
mjesavine sastava 100/5/0, 70/5/30, 50/5/50, 30/5/70, 0/5/100 pripravljene su u Brabender gnjetilici,
pri 190°C i brzini okretaja puznih vijaka 60 okr min™ u vremenu od 10 minuta. U PCL/PLA
mjesavine BW je dodan u koli¢ini od w =5 %.

Binarne PCL/BW mjesavine sastava 100/0, 70/30, 50/50, 0/100 zamijeSavane su pri 80°C. Plocice
za ispitivanja pripravljene su na hidrauli¢koj presi Fontune u kalupu dimenzija 100 x 100 mm,
debljine 1 mm pri 200 °C za PCL/PLA i PCL/BW/PLA odnosno pri 80 °C za PCL/BW mjesavine.

DSC analiza

DSC analiza ishodnih polimera i mjeSavina provedena je na uredaju Mettler Toledo DSC 823e uz
hladenje hladnjakom. Uzorci mase ~10 mg stavljeni su u aluminijske posudice s poklopcem i
hermeti¢ki zatvoreni. Ispitivanja su provedena u struji N, pri protoku od 50 c¢m’/min i brzini
zagrijavanja/hladenja od 10°C/min, u dva ciklusa zagrijavanje/hladenje u temperaturnom podrucju -
85 do 200°C. Prvi ciklus zagrijavanja proveden je u temperaturnom intervalu od -85 do 80°C, kako
bi se ponistila toplinska povijest priprave uzorka.

Na temelju dobivenih vrijednosti entalpije taljenja izracunata je vrijednost sadrzaja kristalne
komponente PCL-a, odnosno udio kristalnosti, y.pcr), prema sljede¢em izrazu:

AH

Xe(peL) =m-100 (1)
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gdje je w maseni udio PCL polimera, AH,, vrijednost entalpije taljenja kristalne faze, a AH,,’
ekstrapolirana vrijednost entalpije koja odgovara 100 % kristalnom uzorku koja za PCL iznosi
139,3 J/g (Crescenzi i sur., 1972).

Udio kristalnosti PLA proracunat je iz entalpija taljenja i hladne kristalizacije prema sljedecoj

jednadzbi:

(AH m AH cc )
AH? -w

gdje je w maseni udio PLA polimera, AH,, i AH.. entalpije taljenja i hladne kristalizacije PLA, a
AH,,” entalpija taljenja 100 % kristalnog PLA koja iznosi 106 J/g (Piorkowska i sur., 2006).

XerpLay = -100 )

TGA analiza

Toplinska postojanost ishodnih polimera i mjesavina odredena je primjenom termogravimetrijske
analize na uredaju TA Instruments Q500. Pripremljeni uzorci mase ~10 mg zagrijavani su u
otvorenom platinskom lon&i¢u u inertnoj atmosferi dusika (N,) protoka 60 cm’/min. Mjerenja su
provedena u temperaturnom podrucju od 25 do 600°C, pri brzini zagrijavanja od 10°C/min.

Rezultati i rasprava

DSC analiza predstavlja korisnu tehniku za istrazivanje toplinskih svojstava, pruza informacije o
fizikalno-kemijskom stanju polimera te takoder daje korisne informacije o mjesljivosti
komponenata polimerne mjesavine (Dell'Erba i sur. 2001). Na slici 1 prikazane su normalizirane
DSC krivulje 2. ciklusa zagrijavanja (a) i hladenja (b) ishodnih PCL, PLA i BW polimera.

a)
Aexo A exo
‘T‘m ‘T‘m
= =
g g
4 4
2 2
a a
e ]
-100 -50 0 50 100 150 200 -100 -50 0 50 100 150 200

Temperatura / °C Temperatura / °C

Slika 1. DSC krivulje 2. ciklusa zagrijavanja (a) i hladenja (b) ishodnih PCL, PLA i BW
Fig. 1. DSC curves of second heating (a) and cooling (b) cycles for neat PCL, PLA and BW
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Na DSC krivulji PCL-a u ciklusu zagrijavanja vidljiva su dva prijelaza, stakliSte pri -65°C (Ty) i
endotermni prijelaz taljenja pri 55°C (Ty,) (slika la i tablica 1) dok se na krivulji hladenja (slika 1b)
javlja jedan egzotermni prijelaz kristalizacije s maksimumom kod 29°C (T;). Kod PLA vidljiva su
tri prijelaza, prvi kod 54°C (Ty) koji odgovara stakliStu, drugi egzotermni prijelaz hladne
kristalizacije s maksimumom pri 99°C (T,) nakon kojeg slijedi endotermni prijelaz taljenja
kristalita nastalih tijekom hladne kristalizacije pri 168°C (T,,) (slika la i tablica 1). Kristalasti
polimeri poput PLA kristaliziraju tijekom zagrijavanja (hladna kristalizacija) jer imaju sposobnost
spore kristalizacije te nemaju dovoljno vremena da kristaliziraju tijekom hladenja (Fukushima i sur.,
2012). S obzirom da je tijekom hladenja kristalizacija PLA neznatna na krivulji hladenja PLA (slika
1b) vidljiv je jedan Siroki egzotermni prijelaz kristalizacije s maksimumom kod 95°C (T;). Na DSC
termogramu pcelinjeg voska BW u ciklusu zagrijavanja vidljiv je dvostruki Siroki endoterm taljenja
s maksimumom kod 57°C 1 62°C (T,), koji odgovaraju taliStu kristalne faze voska razli¢itih
uredenosti (Ruguo i sur., 2011). Visoka vrijednost entalpije taljenja od 163 Jg"' AH(BW) ukazuje
na znatno ve¢i udio kristalne faze u vosku u odnosu na udio kristalne faze prisutne u PCL (4AH = 64
Jg)i PLA (4H,= 46 Jg). Na krivulji hladenja BW-a (slika 1b) vidljiv je jedan egzotermni prijelaz
kristalizacije voska s maksimumom kod 51°C (T,) i entalpije kristalizacije 169 Jg™'(AH,).

Binarne mjesavine

DSC termogrami 2. ciklusa zagrijavanja i ciklusa hladenja binarnih mjesavina PCL/BW i PCL/PLA
prikazani su na slikama 2 i 3. U ciklusu zagrijavanja binarnih PCL/BW mjeSavina (slika 2a) prijelaz
stakliSta PCL-a kod -65°C (Ty) ne mijenja se s povecanjem udjela pcelinjeg voska (tablica 1), Sto
ukazuje na nemjesljivost PCL i BW. Zhang i sur. na osnovi DSC analize u mje$avinama PLLA i
PMMA utvrduju mjesljivost na osnovi postojanja jednog staklista, odnosno djelomi¢nu mjesljivost
na osnovi stakliSta koja se nalaze izmedu stakliSta ishodnih polimera (Zhang i sur., 2003).
Endotermni prijelaz taljenja PCL i BW odvija se u istom temperaturnom podru¢ju. U odnosu na
prijelaz taljenja BW-a ovaj prijelaz se kod PCL/BW mjesavina javlja u uzem temperaturnom
podrucju i ima samo jedan ostriji pik taljenja, koji se pomice na viSu temperaturu u odnosu na
ishodni PCL, $to ukazuje na nastajanje uredenije kristalne strukture. Znatno vi$a vrijednost entalpije
taljenja PCL-a u PCL/BW mjesavinama AHy(70/30)=66 Jg"' iAH(50/50)=52 Jg"' u odnosu na
teorijski o¢ekivane s obzirom na sastav ukazuje na veéi udio kristalne faze kojoj doprinose i PCL i
BW. Nadalje, kod mjesavine s 5% BW ne dolazi do pomaka tali$ta ali se znatno povecava entalpija
taljenja PCL-a (AH,(100/5)=70 Jg™) §to upuéuje na nukleacijski u¢inak BW-a na PCL matricu.

U ciklusu hladenja kod PCL/BW mjesavina (slika 2b), vidljiva su dva egzotermna prijelaza, koji
odgovaraju kristalizaciji ishodnog PCL-a i BW-a.

Dodatkom 50 % BW u PCL/BW mjesavini T¢(PCL) se pomi¢e prema vi$oj temperaturi a entalpija
kristalizacije AH(PCL) se pove¢ava u odnosu na ishodni PCL. Istovremeno se entalpija
kristalizacije T(BW) znacajno smanjuje u odnosu na teorijski ocekivanu vrijednost. Ovaj rezultat
ukazuje na nukleacijsko djelovanje BW u PCL matrici. Cetiri prijelaza koja se uocavaju kod
binarnih PCL/PLA mjesavina (slika 3a) tijekom zagrijavanja, odgovaraju staklistu PCL-a, drugi ~50
°C koji odgovara taljenju PCL-a preklapa se sa staklastim prijelazom PLA. S obzirom na navedeno
nije bilo moguce ocitati stakliSte PLA u mjeSavinama, ve¢ je uz napomenu oznacenu s (*) vrijednost
ovog prijelaza uzeta kao taliste PCL-a (tablica 1).
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Tre¢i, egzotermni prijelaz koji se javlja u podrucju temperatura 75 — 120 °C odgovara hladnoj
kristalizaciji PLA, nakon kojeg slijedi endotermni prijelaz taljenja AHL(PLA) kod ~170 °C(Ty,).
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Slika 2. DSC krivulje 2. ciklusa zagrijavanja (a) i ciklusa hladenja (b) PCL/BW mjeSavina
Fig. 2. DSC curves of second heating (a) and cooling (b) cycles for PCL/BW blends
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Slika 3. DSC krivulje 2. ciklusa zagrijavanja (a) i ciklusa hladenja (b) PCL/PLA mjeSavina
Fig. 3. DSC curves of second heating (a) and cooling (b) cycles for PCL/PLA blends

Iz dobivenih rezultata vidljivo je da se staklisSte PCL-a u odnosu na ishodni PCL ne mijenja
znacajno s porastom udjela PLA, uz iznimku izvjesnog snizenja stakliSta PCL-a u mjeSavini sastava
50/50 PCL/PLA. Dobiveni rezultat upucuje na nemjesljivost ova dva polimera (Dell'Erba i sur.
2001). Taliste Ty(PCL) pomice se za 1°C prema viSoj temperaturi kod svih PCL/PLA mjeSavina. U
odnosu na ishodne PCL i PLA entalpije taljenja AH,(PCL) i AH,(PLA) se smanjuju s porastom
udjela PLA u skladu sa sastavom, izuzev mjesavine sastava 70/30 kod koje se AH(PLA) poveéava.
Pomak T, (PLA) prema nizoj temperaturi za mjeSavinu sastava 30/70 ukazuje na porast brzine
kristalizacije i nukleacijski u¢inak PCL na PLA polimer.
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Tijekom hladenja temperatura kristalizacije T(PCL) u PCL/PLA raste za 1-2 °C s porastom
koli¢ine PLA dok se entalpija kristalizacije mijenja u skladu sa sastavom. Kod PCL/PLA s manjim
udjelom PCL-a (sastav 30/70) vidljiv je pomak T,(PLA) prema nizoj temperaturi za 1 °C, uz
znacajno snizenje entalpije kristalizacije u odnosu na teorijski ocekivanu vrijednost.

Ternarne mjesavine

Kod ternarnih PCL/BW/PLA mjesavina (slika 4) takoder su vidljiva Cetiri prijelaza: (I) koji
odgovara staklistu PCL-a, (I) koji odgovara taliStu PCL preklapa se s taliStem BW voska i
stakliStem PLA. S obzirom na navedeno nije bilo moguce ocitati stakliSte PLA niti taliSte BW voska
vec je uz napomenu oznacenu s (*) i (/*) vrijednost ovog prijelaza uzeta kao taliste PCL polimera
(tablica 1). Dodatkom BW u PCL/PLA mjeSavine ne mijenja se vrijednost temperature taljenja
Tm(PCL) i TR(PLA) dok se vrijednost temperature hladne kristalizacije Te(PLA) u mjesavini sastava
50/5/50 pomice prema viSoj temperaturi u odnosu na PCL/PLA mjes$avinu istog sastava §to ukazuje
na sporiju kristalizaciju PLA dodatkom 5% BW (Fukushima i sur. 2012). U mjeS$avini s manjim
udjelom PCL, 30/5/70, T,(PLA) se ne mijenja u odnosu na ishodni PLA. S ve¢im udjelom PCL,
70/5/30 vrijednost T, (PLA) pomice se za 3 °C prema nizoj temperaturi §to ukazuje na brzu
kristalizaciju PLA i nukleacijski u¢inak PCL na PLA matricu kao i kod PCL/PLA mjeSavina bez
BW.
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Slika 4. DSC krivulje 2. ciklusa zagrijavanja (a) i ciklusa hladenja (b) PCL/BW/PLA mje$avina
Fig. 4. DSC curves of second heating (a) and cooling (b) cycles for PCL/BW/PLA blends

Vise vrijednosti entalpije taljenja AH(PCL) u PCL/BW/PLA mjesavinama u odnosu na PCL/PLA
mjeSavine (tablica 1) ukazuju na nukleacijski u¢inak BW na PCL. S druge strane, kontinuirao
snizavanje AH,(PCL) s porastom koli¢ine PLA ukazuje da PLA ometa kristalizaciju PCL-a.

Na slici 5 prikazane su vrijednosti stupnja kristalnosti y. PCL-a i PLA u ovisnosti o sastavu
proracunate prema jednadzbi (1) i (2) dobivene iz DSC termograma PCL, PLA i PCL/PLA
mjeSavina bez i uz dodatak BW-a. Stupanj kristalnosti PCL u PCL/BW mjeSavinama je znatno visi
u odnosu na ishodni PCL, osobito u mjesavini s manjim udjelom BW (PCL/BW 70/30) sto ukazuje
na nukleacijski u¢inak BW na PCL matricu.
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Dodatak PLA znacajnije utjece na sniZenje stupnja kristalnosti PCL-a u PCL/PLA mjeSavinama,
odnosno PLA ometa kristalizaciju PCL-a. Dodatak 5% BW voska u PCL/BW/PLA mjeSavine
rezultira izvjesnim porastom stupnja kristalnosti PCL-a u odnosu na PCL/PLA mjesavine.

Stupanj kristalnosti PLA(y¢pLa)) u PCL/PLA mjeSavinama sniZava se dodatkom manjeg udjela PCL
polimera. Ve¢i udio PCL-a u PCL/PLA mjesavini (sastav 70/30) doprinosi porastu stupnja
kristalnosti PLA, odnosno potice kristalizaciju PLA zbog nukleacijskog u¢inka sekundarne faze. Ta
zapazanja su u dobrom slaganju s literaturnim navodima (Sakai i sur., 2009) u kojem je opisana
nukleacija PLA u prisutnosti PCL-a. U PCL/BW/PLA mje$avinama dodatak BW ne mijenja stupanj
kristalnosti PLA pri ve¢em udjelu PCL polimera u odnosu na PCL/PLA mjeSavinu istog sastava. U
mjesavini sastava 50/5/50 stupanj kristalnosti PLA dodatno se smanjuje u odnosu na mjesavinu bez
BW istog sastava. OcCito, BW vosak ometa kristalizaciju PLA pri manjem udjelu PCL polimera u
mjesavini dok na PCL ima nukleacijski ucinak te poti¢e njegovu kristalizaciju. SniZzenje stupnja
kristalnosti mjesavina PCL/BW/PLA 0/5/100 (PLA matrica) i porast stupnja kristalnosti
PCL/BW/PLA 100/5/0 (PCL matrica) dodatkom 5% BW u ¢iste polimere jasno ukazuje na razli¢iti
utjecaj BW-a na PLA i PCL polimer.

Tablica 1. DSC podatci binarnih i ternarnih mje$avina, 2. ciklus zagrijavanja
Table 1. DSC data of binary and ternary blends, second heating

PCL PLA BW
MjeSavina T Tm  AHg Tq Tee AH T AH, Tm AHp,
/I’cC__1°c_1agt /ccy° /[dgt /°’c_1agt 1'c 1agt
100/0 -65 55 64 / / / / / / /
< 70/30 65  56%  40% * 95 8 167 15 / /
S 5050 67  56% 26% * 99 14 168 20 / /
€ 300 65  56% 12% * 99 19 168 30 / /
0/100 / / / 54 99 30 168 46 / /
> 70/30 65 57/% 66/* / / / / / /¥ /¥
% 50/50 64 56/%  52/% / / / / / /¥ /¥
4 0/100 / / / / / / / / 57-62 163
100/5/0  -65  55%  70% / / / / / /% /%
é 70/5/30  -64  55%  42% * 96 9 167 15 /% /%
% 50/5/50  -65  56%  27* * 102 16 168 20 /% /%
O 30570 -66  55%  16* * 99 22 167 30 /% /%
0/5/100 / / / # 98 29 167 38 60" 7"

(*) taliste PCL se preklapa sa staklistem PLA; (/*) taliste PCL i BW u istom su podrucju temperatura;
(#) taliste BW se preklapa sa staklistem PLA; Ty- stakliste, Ty, - taliSte, A4H, - entalpija taljenja,
AH, - entalpija hladne kristalizacije
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Tablica 2. DSC podatci binarnih i ternanih mje$avina, ciklus hladenja
Table 2. DSC data for binary and ternary blends, cooling cycle

PCL PLA BW
MJESAVINA T, AH, T, AH, T, AH,
/°C 1Jgt /°C 1Jg* e 1dg*t

100/0 29 62 / / / /

I 70130 31 41 / / / /
£ 500 30 31 95 0,7 / /
O 3070 31 15 94 0,5 / /
0/100 / / 95 14 / /

% 70/30 28 43 / / 52 18
3 50/50 31 47 / / 52 10
0/100 / / / / 51 169
100/5/0 29 56 / / 54 5

é 70/5/30 30 40 95 0,1 54 5
% 50/5/50 31 26 95 0.1 54 5
O 30/5/70 30 16 96 0,5 54 4
0/5/100 / / 94 12 58 4

80

—a— PCL/BW Xc (PCL)
70 | —e—PcuPLA xc (PCL)
—e— PCL/PLA Xc (PLA)
60 { - - - PcLBWIPLA Xc (PCL)

- —~ - PCL/BWIPLA Xc (PLA)

X! %

0 20 40 60 80 100
Udio PCL (%) —

Slika 5. Stupanj kristalnosti PCL i PLA u binarnim i ternarnim mje$avinama
Fig. 5. Degree of cristallinity of PCL and PLA in binary and ternary blends
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TGA analiza
TG 1 DTG krivulje binarnih i ternarnih mjesavina prikazane su na slikama 5 —7, dok su u tablici 3
dani podatci o€itani iz krivulja.

Binarne mjesavine

PCL se razgraduje u jednom stupnju, u relativno uskom podrucju temperatura (oko 70 °C) bez
ostatka nakon razgradnje dok se razgradnja BW odvija u dva stupnja u znatno Sirem temperaturnom
podrucju (oko 150 °C), pri ¢emu preostaje 0,93 % nerazgradivog ostatka (slika 5, tablica 3).
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Slika 5. TG (a) i DTG (b) krivulje PCL/BW mjesavina
Fig. 5. TG (a) and DTG (b) curves of PCL/BW blends

Toplinska razgradnja PCL-a odvija se cijepanjem poliesterskog lanca reakcijom pirolize kojom se
oslobadaju CO,, H,O i nastaju karboksilne kiseline, a kao jedan od produkata je i 5-heksoionska
kiselina (Fukushima i sur., 2012). Glavne komponente nakon pirolize péelinjeg voska su esteri,
slobodne kiseline i alkoholi i ugljikovodici (Ren, 2016).

100 301 — pcL/PLA 100/0
a) —— PCL/PLA 70/30 b)
25|~~~ PCLIPLA 50150
- 1——PcupLA30/70
—— PCL/PLA 0/100
"t 20
£ 601 E
- X
c =15
g ©
404 £
k=l
—— PCL/PLA 100/0 101
—— PCLIPLA 70/30
209 - -.pCLIPLA 50/50 5
—— PCLIPLA 0/100 |
—— PCLIPLA 100/5 \
0 T T T = T T 0 : S
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperatura / °C Temperatura / °C

Slika 6. TG (a) i DTG (b) krivulje PCL/PLA mje$avina
Fig. 6. TG (a) and DTG (b) curves of PCL/PLA blends
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Toplinska razgradnja binarnih PCL/BW mjesSavina odvija se u jednom razgradnom stupnju u znatno
uzem temperaturnom podrucju u odnosu na ishodni BW (slika 6). Temperatura pri kojoj uzorak
izgubi 5 % pocetne mase, Ts, za PCL iznosi 333 °C dok je kod BW niza za 100 °C i iznosi 233 °C.
Kod PCL/BW mjesavina Ts se pomie prema nizoj temperaturi u odnosu na ishodni PCL.
Temperatura kod koje uzorak izgubi 50% pocetne mase, Tsp pomice se za 1 do 2 °C prema visoj
temperaturi dok se Tgs (95% gubitka pocetne mase) za PCL/BW mjeSavine sastava 70/30 pomice za
7 °C te za mjeSavine sastava 50/50 za 10 °C prema vis$oj temperaturi u odnosu na ishodni PCL.
Rezultat ukazuje na porast toplinske postjanosti PCL-a u podru¢ju visih temperatura. Dodatno
ostatak nakon razgradnje raste s porastom udjela BW, §to ukazuje na postojanje interakcija izmedu
komponenata mjeSavine i razgradnih produkata. Temperatura pri maksimalnoj brzini razgradnje
Tmax kod mjesavine sastava 70/30 ostaje nepromijenjena dok se kod mjesavine sastava 50/50 pomice
za 5 °C prema viSoj vrijednosti §to dodatno ukazuje na poveéanje toplinske postojanosti PCL
dodatkom vece koli¢ine BW i sporiju razgradnju.
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Slika 7. TG (a) i DTG (b) krivulje PCL/BW/PLA mjesavina
Fig. 7. TG (a) and DTG (b) curves of PCL/BW/PLA blends

Razgradnja PCL/PLA mjeSavina odvija se u dva razgradna stupnja, od kojih prvi odgovara
razgradnji PLA, a drugi razgradnji PCL-a, slika 7. Poveéanjem udjela PLA u PCL/PLA
mjesavinama temperatura pocetka razgradnje Ts, Ts, i temperature kraja razgradnje Tgs pomicu se
prema nizim vrijednostima (tablica 3) §to ukazuje na sniZenje toplinske postojanosti. Porast koli¢ine
ostatka nakon razgradnje ukazuje da dolazi do interakcija polimera s razgradnim produktima.

Ternarne mjesavine

Dodatkom 5 % BW u PCL temperatura pocetka razgradnje, Ts gotovo se ne mijenja, ali se
temperatura Tsg i Tgs pomicu prema visoj temperaturi Sto ukazuje na porast toplinske postojanosti
PCL-a. Razgradnja ternanih mjesavina PCL/BW/PLA 70/5/30 odvija se u tri stupnja, od kojih prvi
odgovara razgradnji BW, drugi razgradnji PLA, a tre¢i razgradnji PCL-a. Temperature pocetka
razgradnje pojedinih komponenata viSe su u odnosu na vrijednosti ishodnih komponenti (slika 7,
tablica 3).

142



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Kemijsko i biokemijsko inZenjerstvo / Chemical and Biochemical Engineering

Razgradnja mjesavina PCL/BW/PLA 50/5/50 i 30/5/70 odvija se u dva stupnja. MoZe se
pretpostaviti da prvi stupanj odgovara razgradnji PLA 1 BW, a drugi razgradnji PCL-a. Dodatak BW
u PCL/PLA rezultira snizenjem toplinske postojanosti mjesavina. Kod svih ternarnih mjesavina
prisutan je odredeni ostatak nakon razgradnje, a najveci je za mjeSavinu PCL/BW/PLA 30/5/70.
Ostatak nakon razgradnje ukazuje na interakcije polimera s razgradnim produktima.

Tablica 3. Termogravimetrijski podatci binarnih i ternarnih mje$avina
Table 3. Thermogravimetric data of binary and ternary blends

TG DTG
MJESAVINA Ts Tso Tos Ostatak Tmaxy — Tmaxan Tmaxainn
/ C / C / C [ % / C / C / C
100/0 333 378 400 0,0 - - 384
i 70/30 315 366 400 0,5 - 335 382
% 50/50 307 349 395 0,0 - 334 373
g 30/70 303 341 382 1,1 - 340 364
0/100 293 332 351 0,9 330 339 -
70/30 282 379 407 0,3 254 - 384
% 50/50 274 381 410 0,7 343 - 389
8 0/100 233 337 388 0,9 283 363 -
100/5/0 324 381 407 0,0 - 326 385
é 70/5/30 303 365 398 0,5 - 339 381
% 50/5/50 291 343 393 0,3 - 332 375
8 30/5/70 299 337 379 1,0 - 335 364
0/5/100 296 337 357 0,3 321 343 -

Ts - temperatura kod 5 % gubitka mase, Tso temperatura kod 50% gubitka mase,
Tos - temperatura kod 95 % gubitka mase Ty, - temperatura maksimalne brzine razgradnje

Zakljukci

Zadatak ovog rada bio je istrazivanje utjecaja dodatka BW na toplinska svojstva binarnih i ternarnih
PCL/BW, PCL/PLA i PCL/BW/PLA mjeSavina razli¢itog sastava. DSC analizom je utvrdeno da
BW doprinosi porastu stupnja kristalnosti i nastajanju uredenije kristalne strukture PCL-a. Utvrdeno
je da su PCL i PLA nemjesljivi u ¢itavom podrucju sastava. Dodatak veceg udjela PCL-a (sastav
PCL/PLA 70/30) rezultira uredenijom kristalnom strukturom PLA. Rezultati TGA analize ukazuju
da dodatak BW u PCL/BW mjeSavinama doprinosi porastu toplinske postojanosti PCL u podrucju
visih temperatura. Dodatak PLA u PCL/PLA mjeSavinama snizava toplinsku postojanost PCL-a. U
ternarnim mjesavinama PCL/BW/PLA, BW dodatak rezultira snizenjem toplinske postojanosti.
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Summary

Thermal properties of the binary (PCL/BW, PCL/PLA) and ternary (PCL/BW/PLA) blends of
biodegradable poly(e-caprolactone) (PCL) and polylactide (PLA) polymers of various compositions
with the addition of beeswax (BW) prepared by melt mixing, were investigated. Thermal properties
were determined by using differential scanning calorimetry and thermogravimetric analysis. DSC
analysis showed that BW has a different effect on PCL and PLA polymer propertics. BW shows
nucleating effect against PCL while it hinders crystallization of PLA. Thermal stability of PCL/BW
binary blends increases with the amount of BW. The addition of 5% of BW to PCL and PLA
polymers contributes to better thermal stability of PCL and PLA polymers while it resulted in lower
thermal stability in ternary blends.

Keywords: beeswax, poly(e-caprolactone), polylactide, thermal properties
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Summary

Dihydrochalcones are the only subgroup of polyphenols that is specific to apples. They showed
many beneficial bioactivities. In this work, the aim was to analyze dihydrochalcones in old apple
varieties from Croatia to see if varieties differ amongst themselves according to dihydrochalcone
percentage. Dihydrochalcones were extracted from the peel and flesh of five old apple varieties
(Ljestarka, Ljetna rebraca, Slavonska sréika, Zimnjara, Adamova zvijezda) and from wild apples
(crabapples). Reverse-phase high performance liquid chromatography was used to identify
dihydrochalcones (phloretin-2’-xyloglucoside and phloretin-2’-glucoside in the flesh; phloretin-2’-
glucoside in the peel) and to express their percentage in relation to all other polyphenol subclasses.
Dihydrochalcones occupied from 3 to 12.4 % in the flesh and from 0.8 to 10.8 % in the peel.
Slavonska sr¢ika and Adamova zvijezda showed higher dihydrochalcone percent in the flesh and
peel. Principal component analysis also confirmed that Slavonska sréika and Adamova zvijezda
differed from other varieties by higher dihydrochalcone percent. The pattern in the dihydrochalcone
distribution was not shown. Although dihydrochalcones do not occupy a high portion in the
polyphenol content, they are still an important feature of old varieties.

Keywords: phloretin, phloridzin, dihydrochalcones, old varieties, apple

Introduction

Dihydrochalcones are a subgroup of polyphenolic compounds. Structurally they differ from some
usual polyphenols (flavonoids) because an open structure and a differently numbered carbon
skeleton (Tomas-Barberan and Clifford, 2000). They can be found in apples in which they actually
represent a specific feature. The main dihydrochalcones found in apple’s flesh are phloretin-2’-
xyloglucoside and phloretin-2’-glucoside while the peel is characterized by the phloretin-2’-
glucoside (Tsao et al., 2003).

The interest in dihydrochalcones increased in recent couple of decades since they are known to have
some beneficial bioactivities (Ehrenkranz et al., 2005). Mostly, their beneficial effects were
connected to the effects on diabetes and glucose level lowering. It was shown that dihydrochalcones
can reduce blood glucose levels in mice (Masumoto et al., 2009; Kaobori et al., 2012) which can be
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helpful in the prevention of hyperglycemia. A potential anti-diabetic drug on the basis of phloretin-
2’-glucoside has been developed (Ikumi et al., 2008; Sakuma et al., 2009). Due to these beneficial
activities, dihydrochalcones are a subject of many studies.

Old apple varieties have been grown in the past and now days they are actually neglected.
According to our earlier studies, they can be a good source of dihydrochalcones (Jakobek et al.,
2013, Jakobek and Barron, 2016). Namely, it was shown that some old varieties have the potential
to have higher dihydrochalcone content in the flesh (Jakobek et al., 2013, Jakobek and Barron,
2016) in comparison to commercial varieties (Khanizadeh et al., 2008; Lamperi et al., 2008).
Therefore, the dihydrochalcone content might be an important characteristic of these old varieties.
By analyzing dihydrochalcones which showed many potential bioactivities, the important
characteristic of apples is being analyzed, which can impact the recognition of these old varieties as
an important source of polyphenols. Furthermore, apple varieties differ by the portion of certain
polyphenolic subgroups, like phenolic acids or flavan-3-ols (Jakobek and Barron, 2016). Namely,
varieties with a higher phenolic acid portion usually have a lower flavan-3-ol portion and vice versa.
Mentioned differences are usually dependent on genetic variability. Since, dihydrochalcones are
specific to apples, it would be interesting to know if the dihydrochalcone portion also follows a
certain pattern. That would be another reason to recognize some old apple varieties as an important
source of dihydrochalcones.

The aim of this study was to identify dihydrochalcones in six old apple varieties by using reversed-
phase high performance liquid chromatography with photodiode array detection (RP-HPLC-PDA)
and to express their percentage in relation to all other polyphenol subclasses. Furthermore, the aim
was to see if there are some differences between varieties based on the dihydrochalcone percentage.
That is why the data were analyzed with one-way ANOVA and post-hoc Tukey test. Principal
component analysis was used to see possible clustering of varieties. Additionally, the
dihydrochalcone percentage was compared to the percentage of other polyphenols to see if a pattern
in a dihydrochalcone distribution could be seen.

Materials and Methods

Chemicals

Dihydrochalcone standard was purchased from Extrasynthese (Genay, France) (phloretin-2’-O-
glucoside (phloridzin - 1046 > 95 %)). Other chemicals were purchased from Fluka (Buchs,
Switzerland) (ortho-phosphoric acid (85 %, HPLC grade)), J. T. Baker (Deventer, Netherlands)
(HPLC grade methanol) and Kemika (Zagreb, Croatia) (hydrochloric acid (36.2 %)).

Samples and sample preparation

Old apple varieties (Malus domestica) (LjeStarka, Ljetna rebraca, Slavonska sréika, Zimnjara,
Adamova zvijezda, and a wild variety (crabapple)) were harvested in October/November 2015 in a
family orchard (Mr. Vei¢, Mihaljevci, near Pozega, Croatia). One kilogram of apples was peeled,
the peel was pooled and homogenized for 15 seconds in small portions using a coffee blender. The
flesh was then cut into smaller pieces, after removing the core and the seeds. Flesh was pooled and
homogenized for 1 minute with a stick blender. Samples were immediately placed in a freezer at -18
°C.
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Polyphenol extraction

0.1 % HCI in methanol was used to extract polyphenols from the peel, and 80 % methanol to extract
polyphenols from the flesh (Jakobek et al., 2015). Shortly, samples of flesh and peel were weighed
(0.2 g) in cuvettes, mixed with 1.5 ml of extraction solvent and vortexed (Grant Bio,
Cambridgeshire, England). Cuvettes were placed in the ultrasonic bath (Bandelin Sonorex, RK 100,
Berlin, Germany) for 15 minutes and then centrifuged (Minispin, Eppendorf AG, Germany). After
removing extracts, residues were extracted one more time with 0.5 ml of extraction solvent. Extracts
were combined and filtered through a 0.45 um polytetrafluoroethylene (PTFE) syringe filter. Two
parallel extracts were prepared for each peel or flesh sample.

Reversed phase high-performance liquid chromatography with photodiode array detection
(RP-HPLC-PDA)

Varian HPLC system (Varian Inc., Palo Alto, USA) which consists of ProStar 230 solvent delivery
module, ProStar 330 PDA detector, OmniSpher C18 column (250 x 4.6 mm, 5 um) and guard
column (ChromSep 1 cm x 3 mm) was used to analyze polyphenols according to our earlier
developed method (Jakobek et al., 2015). Mobile phases were 0.1% phosphoric acid in water (A)
and 100 % methanol (B). The gradient was: 5% B (0 min), 25 % B (5 min), 34 % B (14 min), 37%
B (25 min), 40% B (30 min), 49% B (34 min), 50% B (35 min), 51% B (58 min), 55% B (60 min),
80% B (62 min), 80% B (65 min), 5% B (67 min) and 5% B (72 min). Other conditions were: the
flow rate 0.8 ml min’, injection volume 20 pl, spectra recording from 190-600 nm. Standard
phloretin-2’-glucoside (200 mg L) was prepared in ethanol and analyzed with the same method.
Chromatograms were scanned at 280, 320, 360 and 510 nm. Dihydrochalcones were detected at 280
nm. Phloretin-2’-glucoside in the flesh and peel was identified by comparison of retention times and
spectral data with the once from standard. Phloretin-2’-xyloglucoside was tentatively identified in
the flesh with the help of literature data (Tsao et al., 2003). Other polyphenolic subgroups were
recognized by their characteristic spectra features (UV/Vis maximum of flavan-3-ols, phenolic
acids, flavonols, anthocyanins at 271; 301 or 314; 350; and 510 nm, respectively). Peak areas of
dihydrochalcones at 280 nm (phloretin-2’-glucoside and phloretin-2’-xyloglucoside), flavan-3-ols at
280 nm, phenolic acids at 310 nm, flavonols at 360 nm and anthocyanins at 510 nm were expressed
as percentages in the total peak area.

Statistical analysis

Two extracts from each flesh and peel were prepared. Extracts were analyzed once with the
RP-HPLC-PDA method. Dihydrochalcone percentage and percentages of other polyphenolic
subclasses was based on n = 2. The data were analyzed with post-hoc Tukey pairwise comparison
tests which are auxiliary to one-way ANOVA. Furthermore, dihydrochalcone percentages in flesh
and peel were analyzed with principal component analysis in order to visualize possible clustering
of varieties. All the statistical analyzes were carried out using the analytical software Statistica
(Statsoft, Tulsa).

Results and Discussion

The description of old apple varieties is shown in Table 1. Three varieties had red or light red peel
while the peel in others was yellowish. Five of these varieties were already analyzed before
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(Jakobek et al., 2013; Jakobek and Barron, 2016) but Ljetna rebraca was analyzed for the first time,
to the best of our knowledge. It should be mentioned that some of these apples could be present in
other surrounding countries with similar or different names, but for this work apples originated from
Croatia. Moreover, one variety Slavonska srcika is considered as indigenous for Croatia which gives

this variety a special importance.

Table 1. Description of old apple varieties

Apple variety Harvest maturity Flesh color Fruit skin color
Ljestarka Late Yellowish Red
Ljetna rebraca Late Yellowish Red
Slavonska sr¢ika Late Yellowish Light red
Zimnjara Late Yellowish Yellow green
Adamova zvijezda Late Yellowish Yellowish
Wild apple Late Yellowish Yellowish

Fig. 1 shows chromatograms of flesh and peel scanned at 280 nm. Dihydrochalcones (Fig. 2) were
identified as phloretin-2’-xyloglucoside and phloretin-2’-glucoside in the flesh and phloretin-2’-
glucoside in the peel. They showed a characteristic UV/Vis absorption at 276 nm. This agrees with
the literature data (Tsao et al., 2003).
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Fig 1. Chromatogram of apple flesh and peel scanned at 280 nm with dihydrochalcones identified in
apples (Slavonska src¢ika variety)

The percentage of dihydrochalcones (Fig. 2) was calculated as a percentage of their peak areas in
relation to percentage of peak areas of all other polyphenols at 280, 320, 360 and 510 nm. The
results are shown in Fig. 3. In the flesh, the dihydrochalcone percentage varied from 3.7 to 12.4 %.
Varieties that had high dihydrochalcone percentage in the flesh were Adamova zvijezda, Zimnjara,
Slavonska sréika and LjeStarka. Those varieties were also statistically similar. Varieties Ljetna
rebraca and wild apples had lower portion of dihydrochalcones.
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Fig. 2. Dihydrochalcones from apples: phloretin-2’-glucoside and phloretin-2’-xyloglucoside
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Fig. 3. Dihydrochalcone percentage in the flesh and peel of old apple varieties

150



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Prehrambena tehnologija i biotehnologija / Food Technology and Biotechnology

In the peel (Fig. 3.), the dihydrochalcone percentage was between 0.8 to 10.8 %. Varieties with the
highest dihydrochalcone percentage were Adamova zvijezda and Slavonska sréika. Zimnjara,
Ljestarka, wild apple and Ljetna rebraca were characterized with the lower dihydrochalcone
percentage. In general, two varieties can be highlighted with somewhat higher dihydrochalcone
percentage in both, flesh and peel: Adamova zvijezda and Slavonska sréika. The differences are
statistically significant.

To see if varieties cluster according to the dihydrochalcone percentage, principal component
analysis was conducted. This is a statistical tool that enables better visualization of data and possible
clustering (Fig. 4.). All six varieties showed good separation, which points to their differences
according to the dihydrochalcone percentage. Adamova zvijezda and Slavonska sréika positioned in
the upper right corner of the diagram which could mean they are similar according to
dihydrochalcones and it could be suggested that they create a separate cluster. Wild apple and
Ljetna rebraca separated into the upper left corner, and Ljestarka and Zimnjara positioned in the
lower part of the diagram. In general, it is visible that varieties differ by the dihydrochalcone
percentage and possible grouping into three clusters could be seen.

1

.
; adamova zvijezda

lavonskg sréika

Factor 2: 16.91%

;imniara

Factor 1: 83.09% » Active

Fig. 4. Principal component analysis (PCA) of dihydrochalcone percentage in the flesh and peel of
old apple varieties

Fig. 5 shows percentage distribution of all polyphenol subclasses. In the flesh, a certain pattern in
the polyphenol distribution could be seen. Namely, varieties with the higher phenolic acid
percentage had lower flavan-3-ol percentage and vice versa. This agrees with earlier studies
(Ceymann et al., 2012; Jakobek and Barron, 2016). But there was no visible pattern connected to the
dihydrochalcone distribution. In the peel, a pattern in the polyphenol distribution could not be seen.
In earlier study (Voltz and McGhie, 2011) most of the variability in polyphenols was ascribed to
genetic variability and exceptions were flavonols which were mostly affected by environment. The
genetic variability could be the reason for the polyphenol variability in our study. Dihydrochalcones
are studied more in the last few decades due to their potential beneficial effect like the effect on the
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type 2 diabetes, weight loss and hyperglycemia (Ehrenkranz et al., 2005). Their possibility to reduce
blood glucose levels was shown in animal studies on mice (Kobori et al., 2012; Masumoto et al.,
2009). Furthermore, phloridzin conjugates showed the potential as an oral anti-diabetic drug (Ikumi
et al., 2008; Sakuma et al., 2009). It was suggested that some products with high phloridzin content
like pomace of unripe apples could be used for the reduction of postprandial glycemia (Makarova et
al., 2015). The binding of phloridzin to human serum albumin, the most abundant protein in the
human plasma which is considered a transporter of many drugs and chemical contaminants, was
studied too (Yue et al., 2011). Phloridzin binds to the human serum albumin via hydrophobic force
and hydrogen bonds (Yue et al., 2011). Since dihydrochalcones have shown many potential
bioactivities, and they are studied as a possible drug, their content in natural food sources could be
important.

100 T HEHHH BEEH sreterenr sieiiei
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Fig. 5. Percentages of all polyphenol subclasses in flesh and peel of old apple varieties
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Dihydrochalcones are specific to apples and their products. Their content can vary depending on the
variety (Jakobek and Barron, 2016.; Khanizadeh et al., 2008; Veberic et al., 2005; Wojdyto et al.,
2008) and they can be found in flesh and peel. Moreover, the content can be some 4 to 9 times
higher in the peel than in the flesh (Khanizadeh et al., 2008; Tsao et al., 2003). When eating apple,
many people discard the peel which means that some dihydrochalcones are actually discarded. In
this case, the apple flesh as a source of dihydrochalcones can be very important. Some varieties that
have higher content or portion of dihydrochalcones in the flesh can be important. In this work,
varieties with the higher dihydrochalcone portion in the flesh were Adamova zvijezda, Zimnjara,
Slavonska sréika. But in general, if the dihydrochalcone percentage in the flesh and peel together is
taken into account, Slavonska sr¢ika and Adamova zvijezda might be important. The
dihydrochalcone portion in these old varieties might be considered as their specific feature.

Conclusions

In this work, dihydrochalcones from old apple varieties were analyzed. The usual dihydrochalcones
were identified, phloretin-2’-xyloglucoside and phloretin-2’-glucoside in the flesh and phloretin-2’-
glucoside in the peel. The dihydrochalcone percentage varied in the flesh from 3.7 to 12.4 %. In the
peel, the dihydrochalcone percentage was between 0.8 to 10.8 %. Two varieties could be
highlighted with somewhat higher dihydrochalcone percentage in both, flesh and peel: Adamova
zvijezda and Slavonska sréika. Principal component analysis showed that apple varieties differ by
the dihydrochalcone percentage. The pattern in the dihydrochalcone distribution was not shown.
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Summary

In search for novel, functional foods, the food industry is turning towards utilization of herbal
extracts in food products. The use of medicinal plants, a widespread source of bioactive compounds,
with well documented functional properties is becoming more appealing for the food industry.
Yarrow (Achillea millefolium L.) is rich in flavonoids, tannins, sterols and salicylic acid. In order to
obtain the highest possible amount of bioactives, efficient extraction procedures are required. The
aim of this paper is to optimize and define the effect of extraction conditions on extraction yield,
total polyphenolic content and antioxidant capacity of yarrow. Particle size, duration of the
extraction process, mixing speed and temperature were taken into account as factors influencing the
water extraction of bioactive compounds from yarrow. The following extraction conditions resulted
in the highest extraction yield (0.82 % of dry mater): particle size less than 100 pm, 30 minutes
extraction at 80 °C and 500 min! rotation speed. These conditions are also optimal for extraction of
the antioxidant compounds and total polyphenols. Based on the results of this study, temperature,
duration, particle size and mixing speed have a simultaneous influence on the extraction yield, total
polyphenolic content and antioxidant capacity of yarrow extracts.

Keywords: extraction, optimization, particle size, temperature, yarrow
Introduction

In search of new functional food products, food industry is turning towards wide spread sources of
bioactive compounds present in nature. Medicinal plants have been grown since ancient times and
used in folk medicine to treat different autoimmune, cardiovascular and gastrointestinal disorders.
The source of their bioactive properties is the presence of vast amounts of biologically active
compounds such as vitamins, polyphenols, alkaloids, glycosides and terpenes. Numerous
compounds from medicinal plants have also been recognized as herbal remedies: opium, aspirin,
digitalis and quinin.

Yarrow (Achillea millefolium L.) is known as a medicinal plant widespread in moderate climate
regions of Europe, North America and Asia. Different species from the Achillea millefolium
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aggregate are used in traditional European medicine as infusions and tinctures against
gastrointestinal and hepato-biliary disorders due to their antiphlogistic, spasmolytic and
antimicrobial properties. Flavonoids isolated from yarrow are described as the antispasmodic
compounds and the essential oil and sesquiterpenes exhibit antimicrobial effects (Benedek et al.,
2006).

In order to obtain the highest possible amount of bioactive compounds from herbal material,
effective extraction procedures are required. Some of the new technologies used for bioactives
extraction include maceration, percolation, Soxhlet extraction, distillation (Bart, 2011), ultrasound
assisted extraction (Petigny et al., 2013; Wong Paz et al., 2015), high pressure or pressurized liquid
extraction (Nagendra Prasad et al., 2009; Mustafa and Turner, 2011), microwave extraction (Nkhili
et al., 2009) and supercritical CO; extraction (Roj, 2014; Araus et al., 2009, Jurinjak TuSek et al.,
2016). All of these techniques include solid-liquid mass transfer, which is known for its complexity
and dependence on the conditions used in the extraction process. Previous studies have shown that
the extraction process depends upon different variables such as temperature (Wijngaard et al., 2012,
Michiels et al., 2012), duration of the extraction process (Azmir et al., 2013, Gigo et al. 2009),
mixing degree of the extraction mixture (Manzak and Sonmezoglu, 2010) and particle size of the
material used in the extraction process (Brewer et al., 2014; Luthria et al., 2008). Mathematical
modelling and experiment design has also been proven to be a useful tool in extraction optimization
(Piwowarska and Gonzalez-Alvarez, 2012).

The aim of this paper was to optimize and define the effect of extraction conditions on extraction
yield, total polyphenolic content and antioxidant capacity of yarrow. Particle size, duration of the
extraction process, mixing speed and temperature were taken into account as factors influencing the
water extraction of bioactive compounds from yarrow.

Materials and Methods

Preparation of plant material

Dried yarrow (Achillea millefolium L.) leaves were purchased from Suban d.o.0. (Strmec
Samoborski, Croatia), and stored at ambient conditions until used in further experiments.

Dried plant material was ground using IKA Control Tube Mill (IKA Werke, Breisgau, Germany).
Grinding speed was set to 20000 rpm and the samples were ground until desired particle size was
obtained. A set of standardized DIN sieves (Retsch, Haan, Germany) with pore openings of 100,
180 and 450 um were used together with a laboratory sieve shaker (Retsch, Haan, Germany) to
separate different particle size fractions of the plant material. These particle size fractions were then
used in the extraction process.

Experimental design
Taguchi experimental design was used to define a set of nine experiments shown in Table 1.
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Table 1. Taguchi orthogonal array used for extraction experiment design

T/°C Particle size /um t/min rpm
expl 40 <100 30 250
exp2 40 280 - 450 60 500
exp3 40 3000 - 4000 90 750
exp4 60 <100 60 750
exps 60 280 - 450 90 250
expé 60 3000 - 4000 30 500
exp7 80 <100 90 500
exp8 80 280 - 450 30 750
exp9 80 3000 - 4000 60 250

Extraction was conducted in an IKA Hbr 4 Digital water bath (IKA Werke, Breisgau, Germany) at
process conditions shown in Table 1. Extraction yield, antioxidant capacity and total polyphenolic
content were used as response (or dependant) variables.

Extraction yield

Extraction yield was expressed as the dry matter content of the extracts. Dry matter was determined
by a standard AOAC method (AOAC 1990). Approximately 3 g of extracts were dried for t = 4
hours at T = 105 °C in weighing dishes previously filled with quartz sand. All measurements were
done in triplicate.

Total polyphenolic content

Total polyphenolic content (TPC) of prepared extracts was determined spectrophotometrically by
the Folin-Ciocalteu reagent, according to a modified method of Lachman et al. (1998). All
determinations were carried out in triplicates and the results were expressed as mg gallic acid
equivalents (GAE)/g of dry matter (d. m.) of plant material.

Antioxidant capacity

Antioxidant capacity of the extracts was determined by three commonly used methods: ABTS,
DPPH and FRAP, as described previously by Benzie and Strain (1996), Re at al. (1999) and Brand-
Williams et al. (1995).

Statistical analysis

Factorial MANOVA was used to assess the influence of specific process parameters on the response
variables. Differences between results have to be significant at least on p < 0.05, to be accepted as
reliable.
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Results and Discussion
Extraction yield

Extraction yields for all nine experiments designed using the Taguchi orthogonal array are shown in
Fig. 1.
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Fig. 1. Extraction yields shown as dry matter content for nine experiments conducted in this study.
Values are shown as mean + SD.

Extraction yield [% dry matter]

Experiments 1, 2 and 6 resulted in the lowest extraction yield (Fig. 1). Experiments 1 and 2 were
both conducted at a low extraction temperature (T = 40 °C) for 30 and 60 min, which proved to be
too low for better extraction yield. In the case of experiment 3, conducted at the same temperature,
extraction yield was better, which means that the lower temperature can be compensated by a longer
duration of the extraction process. In the case of experiments conducted at T = 60 °C (exp. 4, exp. 5,
and exp. 6), 60 minutes and 750 rpm for the smallest particle size fraction (< 100 um) proved to be
sufficient to yield the highest dry matter content. The highest extraction yield was observed for
experiment 7 with the following process conditions: T = 80 °C, particle size fraction < 100 pm, 90
min and 500 rpm. Based on the following results, particle size, rotational speed, duration of the
process and temperature all have a simultaneous influence on the dry matter content of the extracts
and have to be observed in combination to get a good insight into the extraction process.

Total polyphenolic content

Spectrophotometrically determined total polyphenolic content for nine yarrow extracts is shown in
Fig. 2.
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Fig. 2. Total polyphenolic content of yarrow extracts. Results are shown as mean + SD.

As seen in Fig. 2, temperature had the highest influence on total polyphenolic content of yarrow
extracts. First three experiments conducted at T = 40 °C resulted in much lower polyphenolic
content in comparison to those conducted at T = 80 °C (experiments 7, 8 and 9). The same as in the
case of extraction yield, conditions used in experiment 7 proved to be optimal for total polyphenolic
extraction from yarrow. Influence of particle size on total polyphenolic content is also visible.
Ground plant material with lower particle sizes exhibited higher total polyphenolic contents.

Antioxidant capacity
Values of antioxidant capacity of yarrow extracts determined by all three methods are shown in Fig.
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Fig. 3. Antioxidant capacity of yarrow extracts. Results are shown as mean + SD.
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Similar as with polyphenols, extraction temperature had the highest influence on extractability of
antioxidative compounds. The highest content of antioxidants was detected in extracts 7, 8 and 9,
which were extracted at a temperature of T = 80 °C. Influence of particle size was also visible:
experiments 1, 4 and 7 conducted with particle size fractions < 100 pm showed higher antioxidant
capacity.

Statistical analysis

Effect of all extraction conditions on extraction yield, total polyphenolic content and antioxidant
capacity has been estimated by Factorial MANOVA. Results of the statistical analysis are shown in
Table 2.

Table 2. Factorial MANOVA. Different letters in the same column represent a statistically
significant difference (p < 0.05).

Experiment Extraction TPC ABTS DPPH FRAP
number yield

Temperature 40 0.41£0.042  24.73%4.538  0.24+0.06° 0.19£0.04°  0.04+0
] 60 0.5£0.21>  29.48+4.03°  0.23+0.05%  0.28+0.04>  0.05+0.01°
80 0.68£0.14°  42.1842.75¢  0.41+0.02°  0.49+0.02¢  0.062£0.02°

Particle size <100 0.655022%  3638+6.842  0.34+0.07° 0.36£0.132  0.04+0°
280-450  0.44+0.06° 31.8248.84%  0.28+0.1°  0.3%0.14°  0.0620.01°
[um] 3000 -4000 0.49+0.18°  28.19+8.63°  0.27+0.11° 0.3+0.15%  0.05+0.01¢
Time 30 0.4+0.09°  32.6448.1228  0.30.1° 0.3240.13%  0.05+0.02°
[min] 60 0.61£0.18%  32.08£7.28  0.3%0.12 0.33£0.14%  0.05+0.012
90 0.5740.2°  31.68+11.012 0.28+0.112  0.32+0.16%  0.04+0.01"
250 05+0.16°  32.98+4.73%  0.3120.08 033+0.12% 0.05£0.01°
rpm 500 05120258  31.03+10.788 0.27+0.12° 0.31£0.16°  0.04+0.01°
750 0.58+0.14°  32.3949.93°  0.3+0.09°0  0.33+0.14%  0.05+0.02°

Based on statistical analysis, significant influence of temperature, particle size and duration of the
extraction process has been detected on the dry matter content of the extracts. The effect of particle
size on the extraction process was well investigated in previous studies, but the conclusions drawn
were rather different, since those studies used different compounds and extraction methods. E.g.
Maksimovi¢ et al. (2012), Gido et al. (2009) and Luthria (2008) concluded that smaller particle size
also means better extraction of bioactives. Brewer et al. (2014) concluded there was no significant
effect of particle size on the extraction of phytochemicals, while Wei and Yang (2014) concluded
that smaller particle sizes benefit the extraction process but only to a certain extent. Namely, if
particle size is decreased below a certain point, fine particles begin to form lumps which slow down
the mass transfer during extraction. The results of this study indicate that lower particle size favours
the extraction yield. Effect of particle size was also evident on TPC content and antioxidant capacity
determined by the FRAP method.

Temperature had a significant influence on all analysed values, with the exception of antioxidant
capacity determined by DPPH method. This study confirms previous research by Michiels et al.
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(2012) who concluded that higher temperatures mean better extractability, where special account
has to be taken on the thermal stability of the compound being extracted.

Influence of the duration of extraction process was evident only in the case of extraction yield,
while rotational speed had no significant influence on the extraction process.

Conclusions

Based on the results obtained by this study, optimal extraction conditions for bioactives extraction
from yarrow are: T = 80 °C, particle size < 100 pm, 90 min and 500 rpm. Temperature, duration,
particle size and mixing speed have a simultaneous influence on the extraction vyield, total
polyphenolic content and antioxidant capacity of yarrow extracts.

Acknowledgment: This study is a contribution to the project ,,Application of microreactors in the
analysis of antioxidant activity of medicinal plants (MICRO-AA)“, project number HR.3.2.01-0069,
which is funded by the European Social Fund (ESF) through the Human Resources Development
program.
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Summary

This study examines the impact of essential oils of thyme (Thymus vulgaris L.), clove (Eugenia
caryophyllus (Sprengel) Bullock and Harr.) and sage (Salvia officinalis L.) on Escherichia coli and
Staphylococcus aureus in vitro by disc diffusion with three different volumes of oil (5 uL, 10 pL
and 15 pL). Measuring the diameter of inhibition zone of bacterial growth was carried out after 24
h. A statistically significant difference in the inhibitory effects of essential oils and applied volumes
was found. The best results were found in essential oil of thyme, in which the largest inhibitory zone
with both bacteria was measured. The essential oil of thyme completely inhibited the growth of S.
aureus at a volume of 10 puL. Apart from the essential oil of thyme, the complete inhibition of
growth of S. aureus, with a volume of 15 pL, was shown in sage essential oil. The essential oil of
clove showed a minimum inhibitory activity in both bacteria in all three volumes.

It is necessary to continue the researches with the assumption that the results of the researches can
be used in the food industry.

Keywords: essential oils, Escherichia coli, Staphylococcus aureus, inhibitory activity
Introduction

Resistance to antibiotics has become a public health issue which has steered research towards new
and innovative antimicrobial agents (Hogberg et al., 2010). Along with the inaccurate use of
antibiotics, there is also a great number of mutating bacteria which disable the effects of microbial
substances (Canton and Morosini, 2011).

Escherichia coli and Staphylococcus aureus are just some of the bacteria which cause foodborne
diseases (Prange et al., 2005) and can lead to severe infections and deaths in sensitive populations
(Ibrahim et al., 2008; Li et al., 2008; Budimir et al., 2012). Pathogens transmitted by food are
causing an increasing interest of researchers and consumers. The increased need to develop new
methods for fighting the foodborne pathogens is especially growing in the organic food segment
(Theron and Lues, 2007) and in minimally processed food. Reducing or eliminating chemical
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preservatives in food and replacing them with natural alternatives has become a trend in the food
industry, due to the increased pressure from the consumers and legislation.

Many natural compounds found in plants have proven to have an anti-microbial effect against
foodborne pathogens (Boukhatem et al., 2013). Essential oils are secondary plant metabolites and
are important for plant defense and due to its antimicrobial activity, they are increasingly used as
natural preservatives (Burt, 2004; Fisher and Phillips, 2006; Bakkali et al., 2008; Tajkarimi et al.
2010) especially because consumers have a negative perception of synthetic preservatives
(Kiigiikbay et al., 2014). Researchers are getting more and more interested in using essential oils as
alternatives for synthetic chemicals (Bakkali et al., 2008; Hyldgaard et al., 2012; Turgis et al., 2012;
Teixeira et al., 2013).

Chemical composition of essential oils is complex and depends on the type of a plant, part of the
plant it is extracted from, origin, harvest time, harvest and processing season as well as storage
conditions (Burt, 2004; Tajkarimi et al., 2010). Essential oils can contain more than 60 different
components, two or three of which are main components and are in higher concentrations, whereas
all other components could be found in traces (Bakkali et al., 2008).

Antimicrobial activity of essential oils is different from one food product to the next as certain
nutrients vary in food (Fisher and Phillips, 2006). For antimicrobial activity of essential oils, food
products must contain higher concentrations of essential oils than in in vitro research. (Burt, 2004)
which can influence the organoleptic product properties and cause negative feedback from
consumers (Lv et al., 2011). Therefore, it is important to be careful when choosing essential oils in
food production, which would fit the organoleptic properties of the product and its properties
(Gutierrez, 2009).

The aim of this research is to test the impact of the antibacterial effect of commercial essential oils
of thyme, clove and sage on two pathogen bacteria Escherichia coli (ATCC 8739) and
Staphylococcus aureus (ATCC 6538).

Materials and Methods

The test inspected the effect of commercial essential oils of thyme (Thymus vulgaris L.), clove
(Eugenia caryophyllus (Sprengel) Bullock and Harr.) and sage (Salvia officinalis L.) on the growth
of the bacteria Escherichia coli (ATCC 8739) and Staphylococcus aureus (ATCC 6538). The
essential oils were produces in Pranardm International (Belgium) and analyzed in Pranardom
laboratory using the GC-MC (gas chromatography — mass spectrometry). The representation of the
most important components of essential oils of thyme, clove and sage is shown in Table 1. The
testing of antibacterial influence of the essential oils was done in vitro according to the modified
disc diffusion method (Kalemba and Kunicka, 2003).
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Table 1. Chemical composition of essential oils

Essential oils Compounds %
thymol 4411
y-terpinene 6.94
Thymus vulgaris p-cimene 20.88
linalool 4.07
carvacrol 3.56
B-caryophyllene 7.46
Eugenia caryophyllus eugenol 82.10
acetate d’eugenile 8.24
B -pinen 7.49
1,8-cineole 10.68
. T a-thujone 34.57
Salvia officinalis B-thujone 12.99
[B-caryophyllene 6.01
thymol 3.23

Microorganism cultures were kept in Tryptic Soy Agar, Merck (TSA) in a refrigerator, at 4 °C. The
revitalization of pure cultures was done in the Tryptic Soy Broth, Merck (TSB broth). The culture
was incubated at 37 °C/18-24 h. The pre-prepared working suspension of the tested bacteria
Escherichia coli (ATCC 8739) or Staphylococcus aureus (ATCC 6538) was put on Mueller Hinton
Agar (plates) using a flocked swab, (decimal dilution 10, density of the used bacterial inoculum
~1,5x107 cfu/g). Sterilized Whatman paper disc, diameter 6 mm was in the middle of the petri dish
(diameter 90 mm) with the Mueller Hinton agar base. Using a pipette, 5, 10, 15 pL of essential oil
was added to each paper disc. Petri dishes were kept in a thermostat at 37 °C, in the dark. After 24
hours, the zone of inhibition was measured around the paper disc, that is, the distance from the
marginal bacteria colony to the paper disc, and it was expressed in mm.

Statistical analysis

The test was done in four sets. The statistical analysis was done using the statistical program PAST
(v. 2.17) (Hammer et al., 2001). Data was assessed with the combination of a two-way and one-way
analysis of variance (ANOVA). Differences were assessed by using Tukey ,,post-hoc* tests. Results
were considered statistically significant if p < 0.05.

Results and Discussion

The tested antibacterial activities of commercial essential oils of thyme, clove and sage were done
on S. aureus and E. coli in in vitro conditions by using different volume of essential oils with the
disc diffusion method.

Our research has shown that all three essential oils (thyme, clove and sage) have demonstrated a
certain antibacterial effect (Table 2). The statistical analysis has identified a statistically significant
difference (p < 0.05) in essential oils and the used volumes.
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The best results were achieved with the essential oil of thyme which showed the largest zone of
inhibition with all used volumes (Tables 2). The essential oil of thyme completely inhibited the
growth of S. aureus at the used volume of 10 pL (42.00 + 0.00 mm). The highest zone of inhibition
of the essential oil of thyme for E. coli was 30.00 = 1.41 mm at volume of 15 pL.

Table 2. Inhibition zone (mm) of essential oils for S. aureus and E. coli

* *k

Inhibition zone (mm)™

Essential oils

5uL 10 pL 15 uL
S. aureus
Thymus vulgaris 24.00 £ 0.822 42.00 + 0.00° 42.00 £ 0.00°
Eugenia caryophyllus 6.75 £ 0.50? 8.50 + 0.58" 9.00 +0.82°
Salvia officinalis 16.50 +1.292 26.75 £3.30° 42.00 £ 0.00¢
E. coli
Thymus vulgaris 21.00 +1.418 22.50+3.518 30.00 £ 1.41°
Eugenia caryophyllus 2.25 +0.50? 7.25 £ 0.50° 9.50 +0.58¢
Salvia officinalis 5.25+0.502 8.50 + 1.922 17.25 £2.22b

"Results were reported as mean = SD, n = 4.
“For the results in same rows letters a, b, ¢ reperesent statistical significant differences
according to Tukey (p < 0.05).

The achieved results were in accordance with the testing done by Sokovi¢ et al. (2010) who tested
the antimicrobial activity of ten different essential oils using the disc diffusion method. The
essential oils which showed the highest antibacterial activity were T. vulgaris (16.0 - 30.0
mm) and O. vulgare (20.0 — 35.0 mm). The authors tested, apart from essential oils, their
components, and the results showed that the carvacrol and thymol had the highest antibacterial
activity.

Similar results were achieved by Chaftar et al. (2015) who determined that the essential oil of thyme
showed the broadest specter of activity and the lowest minimum inhibition concentration among all
tested essential oils.

Essential oils usually have a better antibacterial activity than mixtures of their main components,
which indicates that minor components have important role in synergistic activity, although
antagonistic and additive effects have been noticed as well (Bassolé and Juliani, 2012). The effects
of essential oils on pathogen bacteria is seen in the membrane and cytoplasm and, in some cases,
they can completely alter the morphology of the bacteria cells (Nazzaro et al., 2013).

The highest zone of inhibition with the essential oil of sage E. coli amounted to 17.25
+ 2.22 mm (Table 2). Essential oil of sage had the full inhibition zone for S. aureus at used volume
of 15 uL (Table 2). Moghimi et al. (2016) tested the essential oil of sage which was turned into
nanoemulsion and the results showed that the antibacterial activity against E. coli and S. typhi. Their
results also show that the transformation of sage into nanoemulsion improves the antibacterial
activity and strengthens the ability to destroy bacterial cell membranes.

Our results for the essential oils of thyme and sage are in accordance with the results of researches
showing that essential oils have a better effect on Gram-positive than on Gram-negative bacteria
(Burt, 2004; Alboofetileh et al., 2014; Shirazi et al., 2014).
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The least inhibitory activity on both bacteria in all three used volumes was achieved with the
essential oil of clove. The E. coli inhibition zone for the essential oil of clove E. coli was from 2.25
+ 0.50 mm to 9.50 + 0.58 mm (Table 2), and for S. aureus from 6.75 + 0.50 mm to 9.00 =
0.82 mm (Table 2). Earlier studies have shown that the clove also shows a significant bactericidal
and bacteriostatic activity on various layers of E. coli (Moreira et al., 2005). Our results are
accordant with some researches (Burt and Reinders, 2003) that determined that the essential oil of
clove contains less antimicrobial activity on E. coli than the essential oil of thyme and oregano.
Unlike the essential oil of thyme and sage, the essential oil of clove shows the highest zone of
inhibition (9.50 £ 0.58 mm) on E. coli at used volume of 15 pL, therefore, it was higher with Gram-
negative bacteria. Similar results of testing antibacterial activity of essential oils of thyme was
achieved by Anzlovar et al. (2014) who determined that the essential oil of thyme have no specific
antibacterial activity on Gram-positive or Gram-negative bacteria.

Although the researches have proven the positive effect of essential oils on the prevention of
bacterial growth, the use of oils depends on the organoleptic properties which are unacceptable to
consumers especially as higher concentrations of essential oils are needed in vivo.

Conclusions

The achieved results show that the tested commercial essential oils of thyme, clove and sage
contain certain antibacterial properties. The essential oil of thyme proved to be the best, with the
zone of inhibition measured in all used volumes. The essential oils of thyme and sage showed
better effect on Gram-positive than on Gram-negative bacteria. It is out opinion that the research
should be continued in in vivo conditions in combinations with new techniques of use, such as
nanoemulsion and active packaging ensuring the food safety and acceptable organoleptic
properties.
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Summary

Nowadays, cancer has become a leading cause of fatal diseases worldwide. Recently, the emphasis is
dedicated on investigation of natural, alternative remedies in treatment of cancer cell lines, where plant
extracts, due to their rich bioactive composition and high biological activity, may play big role.

In this study, biological effect of aqueous ginger (Zingiber officinale) extract (GE) on the human
laryngeal cancer cell line (HEp2) and lung carcinoma cells (A549) was evaluated. Cytotoxic,
prooxidative effect and lipid peroxidation were examined in cancer cell lines exposed to different
concentrations of GE for 2 hours. Cell survival was determined by Neutral red test, while
2°,7’-dichlorofluorescein-diacetate (DCFH-DA) method was used for determination of free radicals.
Lipid peroxidation was evaluated by measuring concentration of generated malondialdehydes.

GE showed significant (p<0.05) decrease in cell survival for HEp2 and A549 in the highest
concentration of 10 mg/mL, while lower concentrations (5 mg/mL and 1 mg/mL) did not show
cytotoxic effect. GE did not exhibit prooxidative effect on both cell lines, where by increasing the
extract concentration free radical induction was decreased. Moreover, GE did not reveal effect on cell
lipids in A549 line, while in HEp2 cell line GE in concentration of 5 mg/mL caused lipid
peroxidation. Obtained results confirmed markable health benefits of GE and justified its wide
application in various pharmaceutical and food products.

Keywords: cytotoxicity, ginger, laryngeal and lung carcinoma cell lines, lipid peroxidation,
prooxidative effect

Introduction

Today, carcinoma is a major threat to human health and is a leading cause of morbidity and
mortality globally. Carcinoma could be described by the uncontrolled proliferation of
undifferentiated cells, resulting in the invasion of surrounding tissues and metastasis of other organs
(Zong et al., 2011). Chemotherapy is one of the most common cancer treatments. However, its
therapeutic outcome is often unsatisfactory due to the serious and intolerable side effects, and
therefore emphasis is put on the development of new selective anti-tumor compounds of low
toxicity towards non-transformed cells (Liu et al., 2014). Also, extremely big, unsolved problem in
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the cancer treatment is a resistance to combination of medication, when cancer cells lose their
sensitivity to the complex structural differences of various chemotherapeutic agents (Falasca and
Linton, 2012). On the other side, plant-derived secondary metabolites have low potency as bioactive
compounds in comparison to synthetic drugs, but since they are ingested regularly and in significant
amounts as part of the diet, they may provide long-term physiological benefits without any side
effects (Espin et al., 2007). In this regard, exhaustive search for the new drugs derived from plant
secondary metabolites, that will make cancer cells sensitive to the active medicinal drug (e.g. by
inhibiting P-glycoprotein), gained much interest among scientists, and recently become an important
area of many investigations (Berdowska et al., 2013). Numerous studies carried out on cultured
cells, animal models and human clinical trials have demonstrated the protective role of polyphenols
from food in different types of cancer (Cui et al., 2010; Singh et al., 2010). Anti-cancer effects of
polyphenolic-rich medicinal plants, such as herbs and spices, arises through different mechanisms,
like increasing endogenous protective enzymes, protecting DNA from free radical-induced
structural damage, encouraging the self-destruction of aberrant cells (apoptosis) and inhibiting
tumor growth (Hedges and Lister, 2007). According to National Cancer Institute, several commonly
used aromatic plants have been identified as possessing cancer-preventive properties. These plants
include members of the Lamiaceae family like basil, mint, oregano, rosemary, sage and thyme,
some of the Apiaceae family (caraway, cumin, and fennel), and turmeric and ginger from the
Zingiberaceae family (Skrovankova et al., 2012). Ginger rhizome (Zingiber officinale Roscoe) is
used worldwide both as a spice and a medicinal herb, and for centuries it has been an important
ingredient in Eastern traditional medicine. Within particular phytochemical profile of ginger, the
hydrophobic portion of ginger extract contains mainly different kinds of monoterpens, oxygenated
monoterpens, sesquiterpenes, zingerone, paradols, gingerols and shogaols other than essential oils
(Saha et al., 2003), while less investigated hydrophilic portion of ginger is mostly consisted of
polyphenolic compounds (Kato et al., 2006). Numerous studies demonstrated that ginger or its
extracts exhibit certain pharmacological activity, including anti-inflammation, analgesic effect, anti-
tumor and antioxidant activity (Dugasani et al., 2010). For example, [6]-gingerol treatment in
colorectal cancer cells exhibited mitochondrial damage and inhibition of cell survival pathways
(Lee et al., 2008). In a study of Kota et al. (2008), oral consumption of ginger increased antioxidant
levels and reduced oxidative damages in the liver and kidney of rats. Chang et al. (2013) determined
anti-viral activity of fresh ginger against human respiratory syncytial virus in human respiratory
tract cell lines. Also, aqueous ginger extract inhibited proliferation and angiogenesis of colonic
adenocarcinoma cells (Brown et al. 2009), while ginger polyphenols induce apoptotic, cytotoxic and
antioxidant effects in hepatoma cells (Hessien et al., 2013).

The aim of this study was firstly to prepare different aqueous ginger extracts and evaluate their
insufficiently investigated bioactive profile, in terms of polyphenolic compounds and antioxidant
activity, where the extract with the highest yield of polyphenolics was chosen for the determination
of its biological activity. Cytotoxic, prooxidative effect and lipid peroxidation were examined in
human laryngeal (HEp2) and lung (A549) carcinoma cell lines after the exposure to different
concentrations of ginger extract in duration of 2 hours. Also, the results of this study will reveal
possible link between the bioactive profile and biological effects of ginger extract on human
laryngeal (HEp2) and lung (A549) carcinoma cells.
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Materials and Methods

Preparation of aqueous ginger extracts for determination of bioactive profile and biological
activities

Fresh ginger root (Zingiber officinale) was purchased in a local store, washed, peeled, grated and
dried in a drying oven at 60 °C. After drying, samples were ground to desired particle size in
electric mill and used to prepare extracts by two conventional extraction techniques.

First extraction technique (GE 1) was carried out at room temperature by pouring 200 mL of boiled
distilled water over the 10 g of sample, and stirred with a glass rod for 30 minutes, without
maintaining the water temperature. Using second extraction technique (GE 2), again 10 g of sample
was extracted in 200 mL of distilled water heated up to 80 °C, and stirred with a glass rod for 15
minutes, while maintaining the water temperature during whole extraction time. After both
extractions, the extracts were firstly filtered through a tea strainer, centrifuged, filled up with water
to desired volume (200 mL) and cooled to room temperature.

According to the results of bioactive analyses, extract with the highest extraction efficiency of
polyphenolics and highest antioxidant capacity (ginger extract prepared by second extraction
technique — GE 2) was chosen for determination of biological activities on selected cancer cell lines.
For evaluation of biological effects of GE 2, sterile water was used as solvent, and extraction was
performed in the same way as described above. Afterwards, prepared extract was concentrated on a
rotary evaporator and then freeze-dried. Obtained powder was dissolved in different volumes of
growth medium, and four concentrations of extracts were prepared (0.1x, 0.5x, 1x and 2.5x).
However, due to the formation of thick slurry and precipitate, the highest concentration (2.5x) of
extract was discarded. Usually, herbal infusions are prepared in the ratio of 2 g of plant sample and
200 mL of hot water, thus the concentration of bioactive compounds present in such prepared
infusion was marked as 1x (10 mg/mL) (i.e. normal recommended dose). Cytotoxic and
prooxidative effects, as well as lipid peroxidation were determined on human laryngeal (HEp2) and
lung (A549) cancer cell lines after 2 hours of treatment with different concentrations of ginger
extract.

Determination of phytochemical profile of agueous ginger extracts

Total polyphenol content (TPC) was analysed using Folin-Ciocalteau reagent, according to a
modified method of Lachman et al. (1998). Based on the formaldehyde precipitation of flavonoids,
total flavonoid content (TFC) was calculated as the difference between total polyphenol and
nonflavonoid contents. Both results were expressed as mg gallic acid equivalents (GAE)/g of dry
weight (dw). The content of flavan-3-ols was determined using the vanillin assay (VA) and the
reaction with p-dimethylaminocinnamaldehyde (p-DAC) as described by Di Stefano et al. (1989).
The content of flavan-3-ols was expressed as mg (+)-catechin/g dw. Method for determination of
hydroxycinnamic acids (mg caffeic acid (CaffA)/g dw) was adapted from Matkowski et al. (2008).
The content of total tannins was determined using casein, which is an adsorbing agent for tannins,
according to the modified method of Rusak et al. (1993), and the results were expressed as mg of
tannic acid (TA)/g dw. Proanthocyanidins (i.e. condensed tannins) were analysed by the procedure
described by Porter et al. (1986), and expressed as mg (-)-epicatechin/g dw, while flavones and
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flavonols (mg of quercetin/g dw) were determined in a reaction with aluminium chloride (Chang et
al., 2002).

Ginger extracts were also examined for antioxidant capacity using three assays (ABTS, DPPH and
FRAP). The Trolox equivalent antioxidant capacity (TEAC) was estimated by the ABTS radical
cation decolourization assay (Re et al., 1999), while antioxidant capacity evaluated using the DPPH
radical was described by Brand-Williams et al. (1995). The results were expressed as mmol Trolox
equivalents/g dw. The ferric reducing/antioxidant power assay (mmol Fe(Il)/g dw) was carried out
according to a standard procedure by Benzie and Strain (1996).

All measurements were performed in triplicate, and the results are expressed as means+SD.

The content of soluble polysaccharides was determined according to a modified method of Wei et
al. (2008), which is based on the aqueous extraction of polysaccharides and their precipitation with
ethanol. The analysis was performed in triplicate and the polysaccharides yield was calculated as the
polysaccharide content of extraction divided by initial sample weight, and expressed as % towards
the dry mass+SD.

Determination of biological activity of ginger extracts

Cytotoxicity of ginger extract was determined by Neutral red assay, as described by Durgo et al.
(2011). Briefly, after 24 h incubation, cells were treated with extract in different concentration
ranges (0.1x, 0.5x, 1x) for 2 h. After treatment, the NR assay was carried out, as described by
Babich and Borenfreund (1990). Cell viability was calculated using the following equation:

% Ce“ Vlablllty = ABSsample/ABSctrl X 100% (1)

where ABSsmple is the absorbance of cells treated with extracts and ABSc is the absorbance of
corresponding vehicle control (growth medium).

Prooxidative activity, i.e. ROS (Reactive oxygen species) formation in the cells after the treatment
with plant extract for 2 h was determined by 2’,7’-dichlorofluorescein-diacetate (DCFH-DA)
fluorometric assay (Silveira et al., 2003), and the results (prooxidative effect, %) were expressed as
the product of the fluorescence and the quotient of cell survival that was calculated relative to the
negative control (medium), as described by Komes et al. (2016).

The lipid peroxidation was measured in cells, which were exposed to various concentrations of
ginger extract during the 2 h period, by determination of generated malondialdehyde (MDA)
concentration (uM/mg of proteins) according to a modified method described by Ohkawa et al.
(1979), as presented in a work of Komes et al. (2016).

All measurements for biological determination were repeated in duplicate.

Statistical analysis

The results were analysed statistically using the Statistica 7.0 software to determine the average
value and standard error. One-way ANNOVA variance analysis, using the Scheffe post hoc test,
with a significance level of o = 0.05%, was performed to determine the influence of different
concentrations of ginger extract on human laryngeal (HEp2) and lung (A549) cancer cell lines.
Statistical analysis is determined separately for HEp2 and A549 cell lines, and significance level for
each cell line should be considered apart.
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Results and Discussion

Phytochemical profile of ginger extracts

TPC in ginger extract prepared by first extraction technique was 4.96 mg GAE/g, while second
extraction technique ensured a higher level of polyphenols and amounted up to 5.11 mg GAE/g
(Table 1).

Table 1. The effect of different aqueous extraction techniques on bioactive profile of ginger

GE1 GE?2
Polyphenolic compounds
Total polyphenol content (mg GAE/g) 4.96+0.02 5.114+0.07
Total flavonoid content (mg GAE/Q) 2.12+0.00 2.34+0.02
Flavan-3-ols (VA) (mg (+)-catechin/g) 0.25+0.01 0.21+0.01
Flavan-3-ols (p-DAC) (mg (+)-catehin/g) 0.04+0.00 0.07+0.00
Hydroxycinnamic acids (mg CaffA/g) 2.1240.01 2.33£0.00
Tannins (mg TA/g) 0.12+0.02 0.09+0.02
Proanthocyanidins (mg (-)-epicatechin/g) 1.3940.13 1.58+0.23
Flavons and flavonols (mg quercetin/g) 0.51+0.00 0.56+0.00
Antioxidant capacity
ABTS (mmol Trolox/g) 0.03+0.00 0.03+0.00
DPPH (mmol Trolox/g) 0.12+0.01 0.28+0.02
FRAP (mmol Fe(I)/g) 0.06+0.00 0.07+0.00
Fibre content
Soluble polysaccharides* (%) 9.19+0.01

*determined from raw plant material

The same pattern was observed for TFC, which comprised up to 45% of total polyphenols. Obtained
results indicated that higher temperature (100°C) and longer extraction time (30 min), used in first
extraction technique (GE 1), led to the more pronounced degradation of polyphenolic compounds
when compared to second extraction technique (GE 2). Similar results were reported in a study of
Bels¢ak-Cvitanovié et al. (2014). Authors by employing higher temperatures of solvent (water) used
for the extraction of polyphenols from ground ivy and hawthorn also determined lower content of
polyphenols, what is consistent with results obtained in our study. In general, the concentration of
polyphenols strongly depends upon extraction technique and its parameters, like extraction solvent,
temperature of solvent and extraction time, as reported by many authors. Cai et al. (2004) evaluated
the impact of extraction solvent on polyphenolic content of ginger, where extraction of dried ginger
at 80 °C during 20 minutes using water as solvent resulted with 3.8 mg GAE/g, while methanolic
extraction ensured significantly higher concentration of polyphenols, with 7.4 mg GAE/g. However,
both results are consistent with ones obtained in our study. Methanol, which is more selective than
water, is considered to be highly effective for extraction of polyphenolic compounds from aromatic
plants (Shan et al., 2005). On the other hand, during extraction from dried material, better results
were obtained when higher water content in organic solvent was used (Robards, 2003; Bimakr et al.,
2011), since water increases diffusion process and makes extraction process of polyphenols from
plant material much easier. However, since obtained extract was subjected to biological activities
analyses, water as extraction solvent was only appropriate solution in this study. Furthermore,
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Glimiisay et al. (2015) obtained 3.5 mg GAE/g d.m. in methanolic extracts of ginger dried in the
oven. In our study, drying of ginger in the oven at 60 °C resulted with higher content of polyphenols
in comparison to the results of Giimiisay et al. (2015).

Moreover, flavan-3-ols in ginger were determined in higher proportions when using vanillin assay,
what is not surprising, since vanillin reacts with higher number of hydroxyl groups in the flavan-3-
ol molecules than p-DAC reagent. In general, employing lower temperature of extraction solvent
resulted with higher content of evaluated polyphenolic groups, with certain exceptions (flavan-3-ols
(VI) and tannins), as reported in Table 1.

Due to differences in the mechanisms of reaction of natural antioxidants and the lack of a
standardized methodology, antioxidant capacity of ginger was evaluated using three in vitro
methods (ABTS, DPPH and FRAP). In general, the results of antioxidant capacity followed the
results for determination of polyphenolic compounds, especially in the case of DPPH, where again
lower temperature of extraction solvent and shorter extraction time (GE 2) enabled higher
antioxidant capacity. The highest antioxidant capacity in aqueous ginger extracts was measured
using DPPH radical (0.28 and 0.12 mmol Trolox/g), followed by FRAP (0.07 and 0.06 mmol
Fe(I1)/g) and ABTS assays (both extracts 0.03 mmol Trolox/g), as presented in Table 1. Similar
results were obtained by Maizura et al. (2010) using FRAP assay, and in the study of Przygodzka et
al. (2014) by ABTS method.

Soluble polysaccharide content in dried ginger amounted up to 9.19 %.

Biological activity of ginger extract on HEp2 and A549 cell lines

Important question that rises from the fact that ginger extract is abundant in different compounds
which possess certain antioxidant activity is what the influence of such extract on living system is.
Application of different test systems in vitro can help to reveal their biological activity once when
they are in the contact with living cells. For that purpose, ginger extract was tested on two human
cell lines; human laryngeal cells (HEp2) and lung cancer cells (A549) after 2 hours of treatment.
According to the obtained results, ginger extract caused statistically significant (p<0.05) decrease in
cell survival at concentrations which are expected to be introduced to the body (1x), for both cell
lines. However, lower concentrations (0.1x and 0.5x) did not cause any cytotoxic effect (Fig. 1),
even there was significant difference (p<0.05) among concentrations 0.1x and 0.5x. Hessein et al.
(2013) determined significant inhibition of cell survival at concentrations higher than 40 pg/mL
after 48 hours of treatment of liver cancer cells with polyphenols from ginger. Vijaya Padma et al.
(2007) also determined similar effect on larynx cancer cell lines.
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cell survival (% in comparison to control)

Fig. 1. Survival (%) of human laryngeal (HEp2) and lung (A549) carcinoma cells after 2 h treatment
with different concentrations of ginger extract

Furthermore, in this work it was determined that ginger extract did not increase free radicals
formation, and therefore obtained results did not show prooxidative activity for all evaluated
concentrations on both HEp2 and A549 cell lines. By increasing the concentration of extract the
formation of free radicals was decreased, and significant (p < 0.05) difference among evaluated
concentrations on both cell lines was observed (Fig. 2). According to these results, ginger extract
was investigated on its ability to prevent/cause lipid peroxidation.

Lipid peroxidation is the most obvious effect of oxidative stress which can be seen on biological
membranes. Oxidation of the unsaturated fatty acids which are a main component of cell
membranes results in aldehyde formation (like malondialdehyde), and products of lipid peroxidation
can be measured and used as a markers of lipid damage (Hulaev and Oliver, 2006). Contrary to that,
inhibition of lipid peroxidation can be connected to binding of free radicals during initiation and
termination of peroxyl radicals (Mhaskar et al., 2000) phenols and flavonoids (Malik et al., 2013).
From Fig. 3. it can be seen that ginger extract did not cause lipid peroxidation at A549 carcinoma
cell line, what is in acordance to the results of free radicals induction. Contrary, at laryngeal cells,
GE in concentration of 0.5x caused significant (p < 0.05) lipid peroxidation. These results indicate
that there is a great cell specificity, what implies need for usage of more cell lines to reveal the exact
effect of biologically active compounds.
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Fig. 2. Prooxidative activity (%) of different concentrations of ginger extract on human laryngeal
(HEp2) and lung (A549) carcinoma cells after 2 h treatment
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Fig. 3. Concentration of generated malondialdehydes (uM/mg) after 2 h treatment of human
laryngeal (HEp2) and lung (A549) carcinoma cells with different concentrations of ginger extract

177



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Prehrambena tehnologija i biotehnologija / Food Technology and Biotechnology

Conclusions

Lower solvent temperature (80 °C) and shorter extraction time (15 min) proved to be more efficient
for the extraction of ginger polyphenols. The highest concentration of ginger extract (10 mg/mL)
caused statistically significant (p<0.05) decrease in cell survival on human laryngeal cells (HEp2)
and lung cancer cells (A549) after 2 hours of treatment, while lower concentrations of ginger
extracts (1 and 5 mg/mL) did not show cytotoxic effect. Evaluated extracts in all concentrations, and
on both cell lines did not exhibited prooxidative activity, and did not show any effects on lipids in
lung cell line. Results pointed out ginger as a rich source of polyphenolic compounds and
polysaccharides, with no side effects on the evaluated HEp2 and A549 cell lines. However, further
investigations are needed to determine the mechanism of action of the mixture of these compounds,
but results obtained in this work are promising and represent a ground for development of functional
food that could improve human health and cell protection.
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Summary

Garlic (Allium sativum L.) shows numerous medicinal properties and beneficial effects in
preventing many diseases. Garlic cloves contains many biologically active substances, including
minerals, vitamins, amino acids and polyphenolic compounds with significant antioxidant activity.
On the nutritional properties and content of bioactive compounds strong influence show following
factors: climatic conditions, ecotype and cultivation methods. Therefore, the main objective of this
study was to determine the differences in the chemical and nutritional composition of garlic cloves
from organic and conventional cultivation. Following chemical parameters were analyzed: the dry
matter content (%), total soluble content (%) by, refractometer (Mettler Toledo Refracto 30PX,
Switzerland) total acid content (%) by potentiometric titration, pH value by digital pH meter
(Mettler Toledo SevenMulti, Switzerland) the vitamin C content (mg/100 g fresh matter) by titration
with 2,6- dichlorindophenol, total phenol content (total flavonoids and non-flavonoids) (mg/L) by
Folin-Ciocalteu method and antioxidant capacity by ABTS method. Total phenol content was
determined only in garlic samples from organic cultivation while in the analyzed garlic ecotypes
from conventional cultivation content of total phenols, flavonoids and non-flavonoids was not
determined. A significant difference between garlic from organic and conventional cultivation were
determined for the analyzed bioactive compounds (vitamin C, total phenols). In the garlic sample
from organic cultivation significantly higher value of vitamin C was determined. In a garlic sample
with significantly higher content of total phenolic compounds (EU2) also significantly higher
antioxidant capacity was determined.

Keywords: total phenols, vitamin C, organic cultivation, conventional cultivation, garlic

Introduction

Garlic is one of the most popular species from the Alliaceae family. Its great popularity gained
mainly because of the strong healing properties that are the most attributed to allicin. Allicin, a
compound from the group of organic sulfur compounds, is responsible for a strong, sharp smell of
garlic, exhibits significant antioxidant, antibacterial, antifungal properties and has been proven
effective in inhibiting the growth of tumor cells (Amagase et al., 2001; Bianchini and Vainio, 2001;
Rainy et al., 2014). Except allicin, garlic is distinguished by the rich content of other biologically
active components from minerals (especially magnesium, zinc, selenium), vitamins (C, A, B

182



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Prehrambena tehnologija i biotehnologija / Food Technology and Biotechnology

complex), polyphenolic compounds including flavonoids and phenolic acids to proteins and
polysaccharides (Amagase et al., 2001; Paradikovi¢, 2009; Drozd et al., 2011; Rainy et al., 2014).

The nutritional properties and bioactive compounds content of raw materials are influenced by
many factors of which the most climatic conditions, ecotype and cultivation method. Cultivation
method involves a set of agricultural practices (fertilization, harvest time, water supply and others),
which significantly differs in conventional and organic cultivation. The organic cultivation
presumes prohibition of the use of chemical pesticides as well as a reasonable, moderate use of
fertilizers by avoiding chemicals, mineral fertilizers and their replacement with organic origin
fertilizers. The scientific researches have shown that raw materials from organic cultivation show
significantly better nutritional composition of those produced in conventional breeding
(Worthington, 2001). Therefore, the main objective of this study was to determine the differences in
the chemical and nutritional composition of garlic bulb from organic and conventional cultivation.

Materials and Methods

Plant material

In these research three samples of garlic, one from conventional breeding and two from organic
cultivation was used. Garlic from conventional cultivation belongs to the ecotype 'Lucko E4', was
cultivated from cloves and planting material originates from Lucko (Zagreb). The trial was a
randomized complete block design with three repetitions. The planting of garlic was conducted on
October 28, 2015. Plant density (19.0 plants/m?) was achieved by spaces between rows (35 cm) and
within the rows (15 cm). Before planting, the organic fertilization with compost and mineral
fertilizer NPK 5-20-30 was conducted. Fertilization with urea (46 % N) were performed on 21
March 2016 by the inter-row cultivation. During the garlic cultivation chemicals for control of
diseases and pests were not used. The garlic harvest was conducted on 29 June 2016.

The organic cultivation of garlic was set up on eco-farm “Bio Zrno” in Habjanovec. Garlic was
sown in September 2015, and during the cultivation only fertilization with organic compost was
applied. Another sample of garlic from organic cultivation was purchased at the store "bio&bio", a
declaration of product with eco-certification proves to be an organically grown garlic.

Determination of chemical and nutritional composition of garlic cloves

Analysis of chemical and nutritional composition of garlic cloves have been carried out at the
Department of Agricultural Technology, Storage and Transport Faculty of Agriculture, University
of Zagreb, and included: determination of dry matter content (%), total acids content (%), pH value,
total soluble solids content (%) by standard methods (AOAC, 1995), the content of vitamin C
(mg/100 g fresh matter) by titration with 2,6- dichlorindophenol (AOAC, 2002), the content of total
phenols (total flavonoids and non-flavonoids) (mg/L) by Folin Ciocalteu method (Ough and
Amerine, 1988) and antioxidant capacity by ABTS method (Miller et al., 1993; Re et al., 1999).

Statistical analysis

The data were statistically analyzed in the software package SAS, version 9.3 (SAS, 2010). All
laboratory analysis of chemical parameters was performed in triplicate. Results were subjected to
one-way analysis of variance (ANOVA). The mean values were compared by t-test (LSD), and are
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considered to be significantly different at p<0.0001. With the results in the tables are the exponents
of different letters indicate significant statistical differences between the observed chemical
parameters at p<0.0001. The values of standard deviation (s) show the average deviation from the
mean results for each chemical parameter.

Results and Discussion

Table 1 shows the basic chemical composition of garlic cloves from conventional and organic
cultivation. By statistical analysis of data the highly significant difference (p<0,01 and p<0,0001) in
all researched chemical parameters between the garlic samples from conventional (Lucko E4) and
organic cultivation (EU1 and EU2) were determined. The highest dry matter content (42.49 %) was
determined in a sample of organically grown garlic EU1 while the lowest content (34.46 %) was
determined also in the garlic sample from organic cultivation, but purchased at store, EU2.
Specifically, a garlic sample EU2, unlike the samples Lu¢ko E4 and EUl which were analyzed
directly after harvesting, was stored for a longer time period and the high content of dry matter in
such sample was expected. Other authors state the dry matter content of garlic cloves in range from
34 to 42 %. A relatively wide range of results is a consequence of genetic characteristics (ecotypes),
climatic conditions, the cultivation location and applied agro-technical methods (Baysal et al., 2003;
Dumici¢ et al., 2013; Dumici¢ et al., 2014). By comparing the results of dry matter content obtained
in these research with other literature data, can be concluded that all analyzed garlic samples do not
differ from the average values of dry matter content. The total acid content of analyzed garlic cloves
was generally low, ranging from 0.087 (EU1) to 0,150% (EUZ2). The obtained results of total acid
content in garlic are also expected considering to the Alliaceae family and other vegetable crops are
not characterized by a high content of organic acids (LeSi¢ et al., 2004; Katalini¢, 2006; Hui et al.,
2010). Due to the low values of total acidity, average pH value of the analyzed garlic samples were
relatively high in the range of 5.96 (EU2) to 6.13 (Lucko E4). Based on the statistical data analysis
it can be concluded that researched garlic samples significantly differ in the content of total acidity
and pH values, respectively cultivation method significantly influenced on analyzed parameters.
Garlic is also a rich source of polysaccharides (Amagase et al., 2001; Rainy et al., 2014) and
relatively high values of total soluble solids determined in the analyzed garlic samples are not
unexpected. Total soluble solids content ranged from 10.00 (Lucko E4) to 11.67 % (EU2) and by
statistical analysis a highly significant statistical differences (p<0.0001) between the researched
garlic samples were determined. Based on obtained data for total acid content and total soluble
solids content the ratio TST/TA was mathematically expressed. Namely, the TST/TA is an indicator
of a pleasant taste, the higher the ratio of soluble solids and total acid the taste of raw material is
more pleasant (Katalini¢, 2006). According to the results obtained in this study, the highest ratio of
TST/TA (130.10) was determined for the sample EU1l while the lowest ratio (77.63) was
determined for the sample EU2.
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Table 1. Basic chemical composition of garlic cloves from conventional and organic cultivation

Sample DM (%) TA (%) pH TSS (%) TST/TA
p<0.0001 p<0.001 p<0.001 p<0.0001 p<0.0001
L‘l‘;j" 37.49b+0.47 | 0.089b+0.01 | 6.13a£0.06 | 10.00c£1.00 | 113.26b+24.03
EUL 42.492+035 | 0.087b+0.01 | 6.10a£0.04 | 11.33b+0.29 130.10a%9.66
EU2 34.46¢+0.25 | 0.150a+0.01 | 5.96b+0.02 | 11.67a%+1.53 77.63¢+10.08

EU1- garlic from organic cultivation Bio Zrno; EU2- garlic from organic cultivation bio&bio store; DM- dry
matter content; TA- total acids; TST- total soluble solids; TST/TA- ratio of total soluble solids and total acids.
Different letters show significant differences between the mean values.

The results of the bioactive compounds content (vitamin C, total phenols, flavonoids, non-
flavonoids) and the antioxidant capacity of a garlic samples from conventional and organic
cultivation are shown in Table 2. Statistical analysis of data showed that all analyzed garlic samples
are significantly different (p<0,0001) regard to the analyzed parameters. The highest vitamin C
content (11.49 mg/100 g fresh matter) was determined in the sample EU1, while the lowest content
(8.29 mg/100 g fresh matter) in the sample EU2. Also, a significant difference of vitamin C content
was determined between garlic from conventional (Lu¢ko E4) and organic cultivation EUIL. In
organically grown garlic sample (EU1) even 22.5 % higher value of vitamin C compared to the
garlic from conventional cultivation was determined. The slightly lower vitamin C content in the
garlic sample garlic EU2 (organic cultivation, bought at the store) is the result of a long storage
period. Vitamin C is extremely unstable and strongly influenced by environmental factors such as
high temperature, light, oxygen (oxidation) that significantly affect on the degradation during
prolonged periods of storage (Moser and Bendich, 1991; Combs, 2008; Paradikovi¢ et al., 2012).
According to the literature data (Paradikovi¢ et al., 2012) vitamin C content of garlic samples
analyzed in this study is slightly higher, especially for the sample EUL. Based on the obtained
results, it can be concluded that organic cultivation of garlic showed a positive effect on increasing
the yield of vitamin C which is also confirmed in other scientific researches (Worthington, 2001,
Esch et al., 2010; Cardoso et al., 2011). Phenolic compounds are secondary plant metabolites which
primary role is participation in the plant defense mechanism, to protect the plant from various biotic
(pathogen attack, parasites and predators) and abiotic stress factors (harmful effects of ultraviolet
radiation, temperature, etc.) (Dai and Mupmer, 2010; Diaz Napal et al., 2010; Kennedy and
Wightman, 2011). Therefore can be concluded that when a plant is in the state of stress begins to
accumulate a larger amount of phenolic compounds in the plant cells. The content of phenolic
compounds of raw materials is significantly affected by various factors from genotype to the
cultivation location and applied agro-technical methods (Beato et al., 2011; Drozd et al., 2011). In
this study, total phenol content including total flavonoids and non-flavonoids was determined only
in garlic samples from organic cultivation, in the sample EU2 was determined even 33 % higher
value compared to the sample EU1. Obtained results suggest a significant difference in the content
of total phenolic compounds with regard to the cultivation method. Antioxidant activity of the plant
species is directly correlated with the content of vitamins and various phenolic phytochemicals such
as flavonoids, glycosides, alkaloids and others which due to the suppression of the oxidation process
shows a positive effect on human health (Lemus-Mondaca et al., 2012; Zayova et al., 2013).
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Therefore, the plant tissues which contain higher amounts of vitamins and phenolic compounds
show higher antioxidant capacity (Sic Zlabur et al., 2016). In this research, a garlic sample EU2
showed antioxidant activity with determined value of 340.84 pmolTE/L, which was expected given
the significantly higher amount of total phenolic compounds in comparison to the other analyzed
garlic samples was obtained.

Table 2. The content of bioactive compounds and antioxidant capacity of garlic cloves from organic
and conventional cultivation

Sample Vitamin C Total phenols Flavonoids Non Antioxidant
(mg/100 g) (mg/L) (mg/L) flavonoids capacity
p<0.0001 p<0.0001 p<0.0001 (mg/L) (umolTE/L)
p<0.0001 p<0.0001
LuckoE4 8.92b+1.10 ND ND ND ND
EU1 11.492+0.94 | 20.68b+0.43 9.74b+1.12 10.94b+0.94 ND
EU2 8.29¢+1.27 62.57a+1.32 42.13a+3.76 20.44a+4.65 341.84+2.78

EU1- garlic from organic cultivation ,,Bio Zrno*; EU2- garlic from organic cultivation bio&bio store; DM- dry
matter content; ND- not determined. Different letters show significant differences between the mean values.

Conclusions

The analyzed garlic samples significantly nutritionally differs regard to the cultivation method,
conventional and organic. Garlic samples from organic cultivation show significantly higher values
of dry matter and total soluble solids content compared to garlic sample from conventional
cultivation. The total acid content and pH value is not strongly influenced by the cultivation method
and between analyzed garlic samples highly significant statistical differences were not determined.
The highest differences between the garlic samples from conventional and organic cultivation have
been determined for vitamin C content, total phenolic compounds content (flavonoids and
nonflavonoids) and antioxidant capacity. Vitamin C content was even 22.5 % higher in a garlic
sample from organic cultivation (EU1) in comparison to the sample from conventional cultivation.
In a garlic sample with significantly higher content of total phenolic compounds (EU2) also
significantly higher antioxidant capacity was determined. Based on the above presented results can
be concluded that organically grown garlic shows significantly higher nutritional quality compared
to the garlic from conventional cultivation.
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Summary

Marigold has been used in folk medicine for centuries. Traditionally, marigold has been used to
treat conjunctivitis, blepharitis, eczema, gastritis, minor burns including sunburns, warts, and minor
injuries such as sprains and wounds. Today, marigold is being investigated for its anti-cancer
properties.

In this research, physical properties (dry matter content and electrical conductivity of the extracts)
and chemical properties (total polyphenolic content and antioxidant capacity) of marigold extracts
were correlated. The plant extracts were prepared by conventional aqueous extraction using a high
solid-to-liquid ratio (50 w/w) and by stirring (500 rpm) at three different temperatures (40 °C, 60
°C, 80 °C) for 90 minutes. Simple regression models showed strong positive correlations between
electrical conductivity, dry matter, total polyphenolic content and antioxidant capacity at the
temperatures of 40 °C, 60 °C and 80 °C.

Keywords: electrical conductivity, dry matter, total polyphenolic content, antioxidant capacity,
marigold extracts

Introduction

Botanicals and medicinal plants in their natural and processed form are widely used as remedies for
the treatment of disease because they contain pharmacological and biological active ingredients
(Saeidnia et al., 2005; Hajimehdipoor et al., 2014). There have been several studies documenting the
antibacterial, antifungal, antiviral, anticancer and anti-inflammatory properties of plant ingredients
(Harrison and Bartels, 2006; Benedek et al., 2007; Jebril, 2008).

Antioxidant compounds derived from plants play an important role as the health-protecting factors.
They comprise of a wide variety of compounds, such as polyphenols, vitamins, flavonoids,
terpenoids, carotenoids and phytoestrogens. Antioxidants are also widely used as additives in fats
and oils in food processing to prevent or to delay spoilage of foods (Suhaj, 2006) and therefore, the
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interest in the recovery of antioxidant compounds from herbal material is increasing in the food
industry.

Marigold (Calendula officinalis) belongs to the Asteraceae family, numerous species of which are
found all over the world (Piccaglia et al., 1998). The therapeutic properties of marigold are various.
Valid antispasmodic effect is one of its characteristics for internal use, while, in the form of
decoction, it is very useful for treatment of gastric ulcer. In the form of ointments, marigold has
excellent antiseptic and antibacterial properties. Anticancer property is one that is most researched
today, in particular for treatment of the gastric cancer. According to recent literature, there has been
evidence of success in treating certain cancers (i.e. Heren's carcinoma) combining marigold with
other herbs such as Echinacea purpurea, Scorzonera humilis L., and Aconitum moldavicum
(Mahmoud, 2013). In dermatology, marigold is used as a powder which is then added to the creams
for treatment of acne and skin blemishes. According to the fact that marigold contains polyphenols,
assessment of its antioxidant properties is of great interest in the understanding of positive effect of
these compounds, especially in phytotherapy (Cetkovié et al., 2004).

Extraction is a very important stage in obtaining the highest possible amount of bioactives (Roj,
2014; Nkhili et al., 2009; Bart, 2011; Mustafa and Turner, 2011; Wong Paz et al., 2015). Previous
studies have shown the influence of different extraction conditions on the extraction yields of
phenolic compounds from natural sources (Stangler Herodez et al., 2003; Achouri et al., 2005;
Lapornik et al., 2005; Spigno et al., 2007; Buci¢-Koji¢ et al., 2007).

In order to optimise solid-liquid extraction conditions, experimental data are often used for
mathematical modeling. Different mathematical models can be used in the design process in order
to reduce energy, time and chemical reagents consumption (Joki¢ et al., 2010; Piwowarska and
Gonzalez-Alvarez, 2012; Simeonov and Koleva, 2012; Paunovi¢ et al., 2014; Jurinjak Tusek et al.,
2016).

In agreement with that, the aim of this work was to investigate correlations between electrical
conductivity, dry matter, total polyphenolic content and antioxidant capacity of marigold extracts,
prepared by conventional aqueous extraction at different temperatures (40, 60 and 80 °C).
Correlations were performed using simple regression models, in order to conclude whether the
number of measurements, required to analyse these extracts, can be reduced and thus reduce time
and chemicals used for analysis.

Materials and Methods

Plant material

Dried plant material of marigold (Calendula officinalis) flower was purchased from a specialized
herbal store Suban d.o.0. (Strmec Samoborski, Croatia) and stored at ambient conditions until used
in further experiments. According to manufacturer specifications, plant material was dried naturally
and the final dry matter content of the lot after drying was 89.17 %)

Chemicals and reagents

Folin-Ciocalteu reagent and sodium carbonate were purchased from Kemika (Zagreb, Croatia).
Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) and potassium peroxodisulphate
were obtained from Fluka (Buchs, Switzerland). ABTS«+ (2,2'-azino-bis(3-ethylbenzothiazoline-6-
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sulphonic acid)diammonium salt), gallic acid (3,4,5-trihydroxybenzoic acid) were obtained from
Aldrich (Sigma—Aldrich Chemie, Steinheim, Germany), and ethanol (96 %) was obtained from
Carlo Erba Reagents (Cornaredo, Italy).

Extraction procedure

An amount of 30 g of dry plant material was placed in a 0.002 m? glass with 0.0015 m?® of deionised
water, covered with aluminium foil and heated to a specific temperature (T = 40, 60, 80 °C + 0.5
°C) using lka HBR4 digital water bath (IKA-Werk GmbH & Co.KG, Staufen, Germany) at
magnetic stirrer rotational speed of 500 rpm for 90 min. Experiment was performed with the plant
material particle size range from 3000 — 4000 um. Samples of 5 mL were taken from the initial
glass at regular time intervals (0.5, 1, 2, 3,4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60,
70, 80, 90 min). Samples were immediately cooled in the water-ice mixture, then filtered through a
cellulose paper filter (LLG Labware, Meckenheim, Germany) with 5 — 13 pm pore size and stored
at 4 °C until analysed.

Determination of total polyphenolic content (TPC), dry matter, electrical conductivity and
antioxidant capacity

For the analysis of bioactive parameters, total polyphenolic content and radical scavenging capacity
of previously prepared water extracts were determined. TPC was determined spectrophotometrically
by the Folin-Ciocalteu reagent, according to a modified method of Lachman et al. (1998). TPC was
calculated based on calibration curve determined for gallic acid (0 — 0.1 kg/m?®) and the results were
expressed as kg gallic acid equivalents (GAE)/m?. Electrical conductivity of water extracts was
determined using SevenCompact conductometer (Mettler Toledo, Switzerland).

For the assessment of antioxidant capacity, the Trolox equivalent antioxidant capacity (TEAC) was
estimated by the ABTS radical cation decolorization assay (Re et al., 1999). The results were
derived from a calibration curve determined for Trolox (0.0001 — 1 mmol/m?).

Dry matter was determined by oven-drying at 105 °C, according to the standard AOAC method
(AOAC 1990). Approximately 3 g of extracts were dried for 4 hours at 105 °C in weighing dishes
previously filled with quartz sand.

Regression analysis

Simple regression models were applied for the correlation analysis of physical and chemical
properties of marigold extracts with the use of Statistica 10.0 (Stat Soft Inc., SAD) software.
Results and Discussion

The aim of this study was to investigate correlations between electrical conductivity, dry matter,
TPC and TEAC of marigold extracts prepared by conventional aqueous extraction at three different
temperatures (40, 60 and 80 °C). Simple regression models were used for the correlation analysis of

physical and chemical properties of marigold water extracts.

Correlations between electrical conductivity and TPC are presented in Fig. 1.
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Fig. 1. Linear correlations between electrical conductivity and TPC

As seen from Fig. 1, TPC in marigold water extracts increases as the extraction temperature rises
which is in accordance with the results of previous studies (Joki¢ et al., 2010; Jurinjak Tusek et al.,
2016). Quantitatively, the highest concentration of TPC (0.00036 kg GAE/m3) was obtained at 80
°C while the lowest TPC value (0.00032 kgGAE/m®) was obtained at 40 °C. Similar results
regarding the TPC concentration in marigold water extracts were obtained in the study of Cetkovi¢
et al. (2004) and Velickovi¢ et al. (2014), with a remark that they used different extraction solvents.

Simple regression models showed excellent correlation between electrical conductivity and TPC for
all tested temperatures (R? > 0.95). Since polyphenol structure includes conjugated benzene rings
with high electron density and act as proton donors, polyphenol solutions exhibit electrical
conductivity. In such solutions, higher polyphenolic content also means higher electrical
conductivity, which was also confirmed by this study.

192



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Prehrambena tehnologija i biotehnologija / Food Technology and Biotechnology

0.00250 ~
040°C A60°C @80°C

y = 1E-06x - 0.0009
R?=0.8736

0.00200 -

y = 6E-07x - 0.0001

E R2=0.9587
X 0.00150 -
o
2 y = 6E-07x - 0.0002
s R?=0.9313
E
O 0.00100
<
w
[

0.00050 -

(m]
(]
N A
=
2
0.00000 : : : : ‘
0 500 1000 1500 2000 2500

electrical conductivity/pS/cm

Fig. 2. Linear correlations between electrical conductivity and TEAC

TEAC was determined by the scavenging assay of ABTS radical. Correlations between electrical
conductivity and TEAC are presented in Fig. 2. According to the obtained results, higher TEAC can
be seen at higher values of electrical conductivity.

Similar to TPC, the highest TEAC of marigold water extracts (0.00194 mM Trolox/m?) was
observed at 80 °C while the lowest TEAC (0.00126 mM Trolox/m?) was observed at 40 °C, after 90
minutes of extraction (Fig. 2). The results of ABTS radical scavenging imply that extraction at
higher temperatures ensures the recovery of compounds with higher TEAC than the extraction at
lower temperatures (Jurinjak Tusek et al., 2016).

Based on the comparison of the calculated correlation coefficients, it can be concluded that
correlation between electrical conductivity and TEAC was strong at 80 °C (R? = 0.87) and at
temperatures of 40 °C and 60 °C excellent correlations were observed (R? = 0.96 and R? = 0.93,
respectively).

Extraction yield is a measure of the solvent efficiency to extract specific components from the
original material (Aspé and Fernandez, 2011) and it was expressed as gram of dry matter content of
extract per mass of the extract. According to the results presented in Fig. 3 and Fig. 4, the lowest R?
values were observed for the correlations between dry matter and TPC and between dry matter and
TEAC for the extraction conducted at 80 °C (R?= 0.83 and R?= 0.79, respectively). As suggested by
previous studies (Wijngaard et al., 2012), extractions are usually conducted at temperatures between
35 and 100 °C, depending on the compounds that are being extracted. Possible explanation of the
lowest value of correlation coefficients can be due to considerable scattering between experimental
data, which can be attributed to possible drawbacks of the filtration of the extracts and interference
during further extract analysis. This was not the case at lower temperatures (40 °C and 60 °C) where
strong correlations were obtained between dry matter and TPC (R? > 0.96 and R? > 0.98,
respectively), as well as for TEAC (R? > 0.96 and R? > 0.99, respectively) (Figs. 3 and 4).
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Conclusions

There is ever growing demand for extraction of bioactive compounds from plant materials. The
main problem is that solvents used in most of the fast extractions are not environmentally friendly.
In order to standardise most frequently used aqueous extraction method, standardisation of sample
preparation and extraction is necessary to allow comparison between physical and chemical
properties of investigated medicinal plants. Results presented in this work can help reduce the
number of measurements required to analyse marigold aqueous extracts. For example, TPC for
known dry matter content of a given plant can be calculated from the regression curve and thus
reduce time and chemicals used in analysis.

Acknowledgment. This study is a contribution to the project ,,Application of microreactors in the
analysis of antioxidant activity of medicinal plants (MICRO-AA)“, project number HR.3.2.01-0069,
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Summary

Extensive research activities have been undertaken recently to systematize the identification,
standardization and use of medicinal plants. For that purpose, high performance liquid
chromatography (HPLC) methods are imperative for the regular quality control and identification of
pharmacologically active compounds. Enormous research efforts have been conducted so far
resulting in a vast number of HPLC methods developed for identifying polyphenolic constituents of
medicinal plants. In the present study, the approach of using artificial neural networks (ANNs) for
prediction of optimal HPLC method for the separation of different groups of polyphenolics was
applied. For that purpose, the composition of mobile phase, pH, analysis duration and flow rate as
the input parameters were investigated on separation behaviour of gallic, rosmarinic and
chlorogenic acids as well as quercetin and rutin as the outputs from five different medicinal plant
extracts. The optimal neural network chosen based on the values of the root mean square error
(RMSE) and the linear correlation coefficient (R?) was able to accurately predict the experimental
responses. The results of the present study confirm the usefulness of ANNs in the development of
HPLC gradient separation methods.

Keywords: artificial neural networks (ANNs), HPLC, medicinal plants, polyphenols
Introduction

The extensive research and use of medicinal plants attributed to their therapeutic properties has led
to development of semi-industrial or industrial processes enabling their transformation into safe,
reliable and stable phytopharmaceutical products. Moreover, effective quality control and
standardization of active ingredients from diverse medicinal plants are becoming an imperative,
with continuously increasing number of analytical techniques being developed and employed for
that purpose.

High-performance liquid chromatography (HPLC) nowadays is one of the most often employed
analytical techniques used for identification and quantification of bioactive phytomarkers of
medicinal plants and their preparations. Most of the developed analytical HPLC methods that are
used to analyze these drugs individually or in combinations require the use of specialized columns,
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gradient elution, and/or complex mobile phases, which results in cost-ineffective methods for
routine analysis (Shah et al., 1991). Although research is still directed toward further improvements
in columns, the improvement of separations may be achieved only by adjusting the chromatographic
conditions. Chromatographic systems are quite complex, and the intentional variation of a system
condition can often result in the change of elution order as a function of the system condition (Glass
et al., 2007).

Usually the optimization of a process is conducted by varying just one variable while keeping the
others constant. The major disadvantage of this single variable optimization is that it does not
include interactive effects among the variables (Ortega et al., 2003). In order to overcome this major
problem, process optimization studies have been done using experimental design (Capella-Peir6 et
al., 2006; Zuni¢ and Spasi¢ 2008; Liu et al., 2011). New approaches towards optimization are using
combination of experimental design and artificial neural network (ANN) (Zhang et al., 2005; Liu et
al., 2009). Modelling of response surfaces based on experimental design and ANN has been
demonstrated as an adequate tool to improve the analytical results in diverse analytical techniques,
such as capillary electrophoresis (Havel et al., 1999) or HPLC (Glass et al., 2007).

In case of HPLC gradient separation methods, method optimization is commonly conducted by
varying only one or two chromatographic conditions, most often pH and solvent composition
(percentage) (Glass et al., 2007) or the flow rate (Bogdanovska et al., 2013; Maher, 2014).
Moreover, HPLC separation methods are mostly developed and optimized for the quantification of a
single pharmaceutically active drug or compound, or a mixture of several compounds, while
appropriate optimization studies for separation and quantification of natural bioactive
phytochemicals are lacking.

In the present study an attempt was made to develop a HPLC method for separation and detection of
polyphenolic compounds from medicinal plants and herbs. Although a vast number of HPLC
methods have been reported for the separation and identification of polyphenolic compounds,
usually those methods are developed for the purpose of analyzing a single substrate and a limited
number of analytes. Therefore, a need arises for a universal method which would allow the
separation and quantification of a large number of polyphenolic compounds from different
substrates, such as medicinal plants and herbs. By varying the employed chromatographic
conditions in the present study, a new, universal HPLC method for efficient separation of a range of
polyphenolic compounds from different medicinal plants was developed. For the purpose of
deriving the most efficient method and chromatographic conditions ANN was used as a
mathematical optimization tool.

Materials and Methods

Plant materials

Dried plant materials of yarrow (Achillea millefolium), nettle (Urtica dioica), dandelion (Taraxacum
officinale), rosemary (Rosmarinus officinalis), chamomille (Matricaria recutita) and plantain
(Plantago lanceolata) were purchased from a specialized herbal store (Suban d.o.o., Croatia). All
plant materials were collected in the north-western part of Croatia during the flowering seasons of
2015, dried and properly stored until used. Dry matter content of plant materials was determined by
oven-drying at 105 °C, according to the standard AOAC method (AOAC, 1990).
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Plant extracts preparation

An amount of 2 g of the dry plant material was placed in a 200 mL glass with 50 mL of deionised
water heated to 80 °C (£ 0.5 °C) using an oil-bath (IKA-Werk GmbH & Co0.KG, Staufen,
Germany). Extraction was carried out under stirring with magnetic stirrer at 250 rpm for 60 min.
After the extraction, the samples were immediately cooled in an ice bath, and filtered through filter
paper and stored at 4 °C until analysed.

High performance liquid chromatography analysis

The HPLC analysis was conducted using an Agilent 1100/1200 Series HPLC device (Agilent, Santa
Clara, USA) and a Photodiode Array Detector (Agilent, Santa Clara, USA) with a reversed-phase
ACE C-18 column (Agilent, Santa Clara, USA) (250 x 4.6 mm, 5 pm i.d.). Chromatographic
conditions from previously developed methods (Bels¢ak-Cvitanovié et al., (2012); Wang, Provan &
Helliwel, (2004); Durling et al., (2007); Wen et al., (2005)) were employed and the solvent
composition (formic, o-phosphoric, trifluoroacetic acids; methanol, acetonitrile), pH (1.95 — 2.75),
flow rate (0.5 — 1.0 mL min't), column temperature (25-30 °C) and method duration (25 — 60 min)
were varied. The injection volumes in each method evaluated was V = 10 pL. For the HPLC
analysis, all medicinal plant samples were filtered through a 0.45 um filter (Nylon Membranes,
Supelco, Bellefonte, USA) before injection. For quantification purposes, chromatograms were
recorded and detection of the phenolic compounds was carried out at 278 nm. Prior to each run, the
HPLC-DAD system was allowed to warm, and the baseline was monitored until it was stable before
sample analysis. Peak identification was achieved by comparison of both the retention time and UV
absorption spectrum with those obtained with standards.

Artificial neural network

Nonlinear neural multiple layer perceptron (MLP) network was applied for prediction of optimal
chromatographic conditions for polyphenol HPLC gradient separation method from medicinal
plants. For the design of ANN, chromatographic conditions; mobile phase composition, pH, column
temperature, method duration and flow rate were used as input variables, while the concentrations
and retention times of individual polyphenolics (rosmarinic and chlorogenic acids as well as
quercetin and rutin) served as output variables, as depicted on Figure 1. Artificial neural network
(ANN) training was performed with separation of experimental data into training, test and
validation sets as 70:15:15 ratios, respectively. Back error propagation algorithm available in
Statistica 10.0 (StatSoft, USA) was applied for model training. Selection of the optimal neural
network architecture was performed by comparing the values of the root mean square error (RMSE)
and the linear correlation coefficient (R?).
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Results and Discussion

For the analysis of polyphenols, reversed-phase HPLC using modified silica surfaces with C-8 or C-
18 is the preferred method due to the efficient separation and symmetrical peaks obtained, which
enable quantification of analytes at low concentration levels. However, the HPLC analysis of those
compounds can be problematic, due to interactions of the analyte with residual silanols on the silica
surface of the column and ion exchange retention mechanism. Therefore, the effect of each
chromatographic condition during HPLC analysis needs to be established and the combination of
the most relevant chromatographic parameters defined in order to enable an efficient method
development. As a starting point for the development of a new, universal HPLC method for the
analysis of a large number of polyphenolic compounds from medicinal plants and their extracts and
preparations, chromatographic conditions adapted from previously conducted methods in scientific
literature sources (Wellwood and Cole, 2004; Wang et al., 2004; Wen et al., 2005; Fecka and Turek,
2008; Durling et al., 2007; Bel$¢ak-Cvitanovi¢ et al., 2012) were employed in the present study.
The best peak resolution and separation of diverse polyphenolic compounds from both a mixture of
representative standards and several real samples (plant extracts) were selected as the
chromatographic efficiency indicators.

As can be seen in Figure 2, the separation efficiency of different methods is markedly affected by
the employed chromatographic conditions. Aiming at the development of a rapid and efficient
HPLC method, the application of methods 3 and 4 characterized by the application of higher
column temperatures (30 °C) during prolonged analysis did not provide an efficient peak separation
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in a sufficiently short time. Only the separation efficiency of methods 2 and 5 provided a satisfying
separation effect and quantitatively, the highest compound recovery.
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Fig. 2. Comparative chromatograms of chamomille extract obtained by the employed HPLC
gradient separation methods

However, in order to define the most efficient chromatographic conditions, and develop a rapid
method that will allow the identification of diverse polyphenolic compounds, the application of
ANN was evaluated.

The use of artificial neural networks has gained increased importance in the recent years as they can
be used as tools for food safety and quality analyses, which include modelling of microbial growth,
food safety predictions, interpreting spectroscopic data, and predicting physical, chemical,
functional and sensory properties of various food products during processing and distribution
(Huang et al., 2007). In the present study, artificial neural network was employed to predict the
influence of the chromatographic conditions on the separation and quantification of polyphenolic
compounds in diverse medicinal plant extracts, with the aim of optimization and definition of a
universal HPLC gradient separation method.

A total of six different medicinal plants were used in network formation, with four representative
polyphenolic compounds chosen for being commute analytes in all evaluated medicinal plant
extracts. Three parallel measurements of each evaluated polyphenolic compound were performed,
making a total of 1170 numerical values for network formation. In order to determine the ANN
configuration for prediction of the optimal chromatographic conditions during HPLC analysis, the
number of neurons in the hidden layer varied from three to eleven. Different activation functions
were tested (ldentity, Logistic, Tanh and Exponential). Among various architectures tested, the
fifteen showing the lowest RMSE and highest R? values are presented in Table 1.

The most suitable network for further analysis was selected based on training, test and validation
preferences and errors, as previously stated by Carvalho at al. (2013) and Di Scala et al. (2013).
Network bolded in Table 1 (Network number 4), consisting of a hidden activation function Logistic
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and Tanh output function, with the maximum validation error of 0.086, was selected for analysis of
the chromatographic conditions and separation.

Table 1. Characteristics of selected neural networks

Training perf./ Test perf./ Validation perf./ Hidden Output
Network - datl idde utpL
Training error Test error Validation error activation activation
0.713 0.585 0.707 .
1 0.078 0.116 0.088 Tanh Logistic
0.715 0.579 0.721 . .
2 0.077 0.115 0.085 Identity Logistic
0.711 0.587 0.716 .
s 0.080 0.155 0.089 Identity Tanh
0.715 0.574 0.729 .
4 0.078 0.116 0.086 Logistic Tanh
0.714 0.574 0.728
> 0.078 0.115 0.087 Tanh Tanh

The selected neural network comprised of 5 input variables, representing the used chromatographic
conditions. Hidden layer contained 9 neurons and the output layer contained 8 different variables —
related to the determined concentrations and retention times of evaluated polyphenolic standards.
Comparison between experimentally obtained data and ANN predicted values of the output
characteristics are presented in Figures 3a-d.

By comparing the representative graphic depictions of experimentally determined and ANN
predicted values of both phenolic acids (chlorogenic and caffeic), it can be noticed that almost an
uniform distribution of retention times ( Fig 3a and b) around the proposed model was achieved, as
opposed to a much wider data dispersion in case of polyphenolic compounds concentrations (Fig 3¢
and d). The obtained R? values for comparison of experimental and ANN predicted values of
retention times for chlorogenic and caffeic acids were 0.996 and 0.997, respectively, which
indicated a good agreement between experimental data and the proposed model. Conversely, very
low R? values were obtained for comparison of experimental and ANN predicted values of
chlorogenic and caffeic acids concentrations (0.468 and 0.083).
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Fig. 3. Comparison between experimental and predicted values of retention times (a, b) and
determined concentrations (c, d) of chlorogenic (a, ¢) and caffeic acids (b, d)

This may be attributed to a lower data number for determined concentrations, since in several plant
extracts those compounds were not identified and resulted in greater data dispersion. Global
sensitivity analysis (Figure 4) was used to establish the effect of varying inputs on the output and to
rank inputs in order of importance. Even though neural networks cannot produce explicit rules,
sensitivity analysis enables to explain which inputs are more important than others. It can give
important insights into the usefulness of individual variables and rate variables according to the
deterioration in modelling performance that occurs if that variable is no longer available to the
model (Maher et al., 2013).

Global sensitivity coefficient, as an indicator of influence of the particular input parameter on the
output variable, is defined as the ratio of variances of individual parameter relative to the total
variance. Higher global sensitivity coefficient corresponds to higher influence on the output
variables. As shown in Figure 4, the flow rate of mobile phase employed during the
chromatographic analyses had the highest influence on retention times and resulting polyphenolics
concentrations. Usually, in RP-HPLC, the retention of analytes is greatly dependent on their
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ionization and solvation states, which are influenced by the pH, ionic strength of the buffer and the
eluent composition (Roses et al., 1996). These observations were confirmed in the present study
since the global sensitivity analysis justified their equal importance on the output variables.
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mobile phase analysistime  flow rate column
composition temperature

Fig. 4. Global sensitivity analysis results

However, the results indicated that marked variations in the flow rate of mobile phases during
HPLC analysis had a very pronounced effect on the resulting retention times and analyte
concentrations. As a result, the proposed ANN model was used to find the optimal analysis
conditions of polyphenolic compounds from medicinal plant extracts. The final method comprised
of mobile phases consisting of 0.1 % o-phosphoric acid in water (solvent A) adjusted to pH 2.5 and
0.1 % o-phosphoric acid in methanol (solvent B), during 30 min of analysis at a flow rate of 1 mL
min? for final analysis. The developed HPLC method allowed the separation of 24 major
polyphenolic compounds. Optimization of the simultaneous chromatographic method enabled an
efficient separation of 3 hydroxybenzoic acids, 11 hydroxycinnamic acids and 10 free or
glycosilated flavonoids from the standard mixture.

Application of the developed method provided an insight in the contents of four representative
polyphenolic compounds from phenolic acids and flavonoids sub-groups. As can be seen in Table 2,
each selected medicinal plant extract was characterized by a specific polyphenolic profile,
establishing rosemary as a very abundant source of rutin and quercetin, and chamomile and yarrow
of phenolic acids. These findings are relevant during pharmacological screening of medicinal plants
and their exploitation as a source of potent biologically active phytochemicals.
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Table 2. HPLC profile of phenolic acids and flavonoids (mg L) in selected medicinal plant
extracts

Chlorogenic acid Caffic acid Rutin Quercetin
Rosemary 10.02 8.56 69.85 196.82
Dandelion 26.50 10.31 n.d. 87.19
Chamomille 161.40 n.d. n.d. n.d.
Yarrow 148.64 12.81 n.d. n.d.
Nettle 8.26 n.d. n.d. n.d.
Plantain n.d. n.d. n.d. n.d.

n.d. = not detected
Results are expressed as mean values. Standard deviations of all measurements amounted to <10 %.

Conclusions

High degree of correlation between experimental and predicted values along with low errors
indicates that ANN can be used as a very promising tool for retention modelling in HPLC. The
proposed ANN models provide an insight into the relevance of employed chromatographic
conditions during HPLC method development, while simultaneously taking into account the pre-
determined output variables. Using the ANN as a mean of method optimization, a method was
developed that allowed the separation of a large number of diverse polyphenolic compounds from
botanically non-related substrates, thus signifying the wide appropriateness and expanding the use
of the developed method.

Acknowledgements: This study is a contribution to the project ,,Application of microreactors in the
analysis of antioxidant activity of medicinal plants (MICRO-AA)“, project number HR.3.2.01-0069,
which is funded by the European Social Fund (ESF) through the Human Resources Development
program.
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Summary

This study included 200 samples of black locust honey collected from beekeepers through two
seasons (season 1 and season 2) in five Croatian regions (20 samples from each region) (Varazdin,
Krapina-Zagorje, Bjelovar-Bilogora, Eastern Croatia and Istria) and 100 soil samples from apiary
areas where honey samples are taken from. Melissopalynological analysis confirmed the botanical
origin of all the samples, as declared by the manufacturer — black locust honey. The dominant
mineral of the 12 tested (Ca, Na, K, Mg, Zn, Fe, Cu, Mn, Al, Ni, Pb and Cd) is K 205.571-428.050
mg/kg, followed by Ca 33.526-329.327 mg/kg and Na 23.343-218.042 mg/kg. Obtained shares of
the (12) minerals in soil samples are comparable with the values obtained by the Geological Survey,
except for the share of Fe in the Istria region (greater than100 times). Conducted regression analysis
enabled determining the correlation of mineral share in the soil and honey regarding Na and K, and
is described in the best way by linear function and characterised by high correlation coefficients.

Keywords: black locust honey, mineral profile, soil, regression analysis
Introduction

Black locust honey it is one of the most valuable types of honey in the European market with
properties valued by consumers: it is liquid (due to the high level of fructose), not prone to
crystallization, of very bright colour, with the scent of flowers or fresh fruit, less noticeable and of
light taste (from medium to strong sweetness, low acidity and flavour without bitterness). In
Croatia, the largest production is related to the production of black locust honey with the most
generous pastures in the continental parts (Sari¢ et al., 2012).

Macro and micro elements (expressed as a percentage of ash) can be found in nectar honey in the
amount of around 0.2 % and in honeydew honey of over 1 %. Darker types of honey are generally
richer in mineral substances (Mufioz and Palmero, 2005). Since the typical composition of the soil
of a particular region is reflected in the mineral composition of honey plant, in its nectar and honey
produced, the share and composition of minerals are often used in determining the geographical
and/or botanical origin of honey (UrSulin-Trstenjak et al., 2013). Many studies confirm the
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correlation between the mineral content and botanical and geographical origin (Gonzales Paramas et
al., 2000; Fernandes Torres et al., 2005; Nozal Nalda et al., 2005; Hernandez et al., 2005; Lachman
et al., 2007; Tuzen et al., 2007).

Here we must mention the issue of trace elements that may be present in honey from natural sources
(from soil Fe and Mn and plants) and from anthropogenic sources. In honey, K prevails from % to %
share of the ash. The high share of K in the total amount of mineral substances has been noted in the
samples of monofloral black locust (88 % and 97 %) and common heather Calluna vulgaris honey
(91 %), as well as in multifloral honey from Morocco and Italy (71 %, 76 %) (Marghitas et al.,
2010; Golob et al., 2005; Conti, 2000; Belouali et al., 2008; Conti et al., 2007) while Croatian
honeydew honey and meadow honey contain a lower percentage of K (22 %, 28.13 %) in the total
amount of mineral substances (Barisi¢ et al., 1999). Mineral Ca compared to K in general is less
frequent as it is in the black locust and thyme honey (88 % of K : 1.43 % of Ca; 97 % : 2.34 % and
48% : 13 %) (Terrab et al. 2004; Golob et al., 2005; Marghitas et al., 2010) and in different types of
Italian honey (84 % of K : 9 % of Ca), but there are data that show almost equal representation of K
and Ca in the clover honey (43 % of K : 41 % of Ca) in the total amount of mineral substances
(Pisani et al., 2008).

Regarding other minerals, the present ones are Na (multifloral honey 15 %, black locust 6.12 %,
common heather-Calluna vulgaris 3.9 %, honeydew 1.8 %) and Mg (common heather-Calluna
vulgaris 3 %, black locust 2.7 %, honeydew 2.6 %) (Conti, 2000.; Marghitas et al., 2010;
Fernandes-Torres et al., 2005; Nozal Nalda et al., 2005; Uren et al., 1998). There are exceptions
such as in clover from Italy where Na dominates with 61.66 % (Pisani et al., 2008). S, Cl, Fe and Al
are present in honey. Increased amounts of Al (22 mg/kg), which can be found in the mixture of
Chilean honey, are considered to be the consequence of volcanic origin of soil, unlike Czech mixed
honey containing 2.90 mg/kg of Al (Fredes and Montenegro, 2006; Lachman et al., 2007). Cu, Mn,
Cr, Zn, Pb, Cd, As, Ti, Se and others are present in small quantities (Hernandez et al., 2005). The
heavy metal content in honey depends on the geographical origin of honey, as evidenced by the
mean values of Zn, Fe and Cu, which vary by several times compared to the samples of Swiss black
locust honey (0.22; 0.28; 0.18 mg/kg), Romanian (1.8; 1.30; 0.52 mg/kg) and Italian black locust
honey (1.78; 2.09; 0.576 mg/kg) (Bogdanov et al., 2007; Marghitas et al., 2010; Forte et al., 2001,
Caroli et al., 2000). The increase of Fe, Zn, Ni may happen as a result of contamination caused by
the contact between honey and unprotected metal surface during processing (Merin et al., 1998).

On the basis of geochemical maps, i.e. geochemical atlas of the Republic of Croatia, the
concentration of individual chemical elements can be noticed in the surface soil horizons of the
Croatian territory (56,538 km?). Table 1 shows the minimum (min) and maximum (max) value of
macro and micro elements (which were included in this study) in the surface soil horizons according
to the Geological Survey’s research of the regions surveyed (Halami¢ and Miko, 2009).
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Table 1. Minimum and maximum values of macro and micro elements in the soil by regions
(Halami¢ and Miko, 2009).

minerals | Voo [ GE L oo | crata | e
region region region region region
min - max min - max min - max min - max min - max
Ca (%) 0.13-147 0.07 -10.39 0.19-452 0.08-12.17 | 0.2-18.43
Na (%) 0.16 —1.48 0.11-3.21 0.51-1.88 0.23-194 | 0.232-1.516
K (%) 0.33-2.24 0.57 - 2.58 1.15-2.26 0.8-3.42 0.83-2.12
Mg (%) 0.32-7.52 0.24 -5.33 0.25-1.36 0.32-5.84 0.25-1.08
Zn (mg/kg) 28-1.432 50-77 39-129 36527 45 - 180
Fe (%) 0.6 —4.97 1.46 —4.87 174-6.1 147-561 1.82-7.25
Cu (mg/kg) 5-108 5-87 4-58 4-239.1 10 - 74
Mn (mg/kg) 153 -5.619 131-1.695 172 -1.278 174 -1.618 438 —2.478
Al (%) 1.46 —9.26 3.05-9.28 46-1181 3.42-10.93 3.86-11.71
Ni (mg/kg) 15-195 13-92 12-72 9.2-215 32-207
Pb (mg/kg) 19 — 699 15— 99 14 — 47 15.6 — 202.2 12-71
Cd (mg/kg) *02-7.1 *0.2-35 *0.2—0.8 *0.2-11 *0.2-3.2

* The values that are lower than half of the lower limit of detection were used for statistical analysis

in accordance with the instructions given by FOREGS - EuroGeoSurveys Geochemical Baseline
Mapping.

Materials and Methods

This study included 200 samples of black locust honey collected from beekeepers during two
seasons (season 1 and season 2) in five Croatian regions with 20 samples from each region: VZ
(Varazdin), KZ (Krapina-Zagorje), BB (Bjelovar-Bilogora), IH (Eastern Croatia) and | (Istria). One
hundred soil samples were sampled from the same area (according to the GPS points of apiary
locations) where the apiaries from which honey samples were taken from are (Fig. 1).
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Fig. 1. The map of geographical origin of honey (UrSulin-Trstenjak et al., 2013)

After conducting the melissopalynological analysis, mineral content in black locust honey and soil
samples has been determined: calcium (Ca), sodium (Na), potassium (K), magnesium (Mg), zinc
(Zn), iron (Fe), copper (Cu), manganese (Mn), aluminium (Al), nickel (Ni), lead (Pb), and cadmium
(Cd).

Melissopalynological analysis

A collection of reference pollen preparations is used to determine pollen grains from the samples
(DIN 10760:2002-05).

Determining mineral substances in honey

Sample preparation is done by wet ashing with microwave decomposition. After homogenization of
honey, organic matter is decomposed using concentrated nitric acid and hydrogen peroxide in a
microwave apparatus (Anton Paar — Multiwave 3000). Using mass spectrometry method for
determining metals in honey based on inductively coupled plasma (ICP-MS) leads to the process of
ionization while mass spectrometer is used to detect and identify ions on the basis of the ratio of
their mass/charge (Perkin Elmer Sciex, 2008).
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Soil sampling

One sample was taken from a previously specified point (Gauss—Kriiger coordinate system). The
samples are sampled from the soil at the depth of 0.5 meters and are stored in PVVC containers in the
field. In the laboratory, prior to planting, the samples are dried at room temperature and
homogenized in an agate mill and sieved to a fraction of 2 mm.

Determining mineral substances in soil

Sample preparation is carried out by extracting a mixture of concentrated acids in Teflon containers
with 10 mL of a solution containing a mixture of concentrated acids (HF-HCI-HNO3-HCIO4). The
solution evaporates until dry at 200 °C. After that, the residue is dissolved with 4 mL of 50% HCI,
and the heating of the sample is carried out in a microwave oven. After cooling, the solution is
transferred to a polypropylene measuring bottles which are filled with 5 % HCI to the final volume
of 10 mL.

Statistical data analysis

Mean value, standard deviation and coefficient of variation for the chosen macro and micro
elements in the samples of black locust honey and soil have been calculated.

Statistical data analysis included regression analysis. For this purpose software package
STATISTICA 9.1 (StatSoft, 2010) was used.

Results and Discussion

The obtained results show a profile of macro and micro elements of Croatian black locust honey
from five regions during two seasons (season 1 and season 2) and quantitative and qualitative
correlation of certain macro and micro elements in the soil and honey during both seasons and
regions.

This was preceded by melissopalynological analysis as the evidence of the botanical origin of all
200 samples of honey. Conducting pollen analysis in the samples of black locust honey from both
seasons of all five regions confirmed the botanical origin (greater than 21 % of family Robinia), as
declared by the manufacturer — black locust honey (MPRRR, 2009). The most represented are those
of the family of Robinia (black locust family), Rosaceae (rose family), Brassicaceae (cabbage
family) and Fabaceae (bean family).

The resulting share of 12 micro and macro elements — Ca, Na, K, Mg, Zn, Fe, Cu, Mn, Al, Ni, Pb
and Cd from the five regions for both seasons were compared with data available in the literature
through the highest and lowest average and individual values of each macro and micro elements,
expressed in mg/kg (Table 2).
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The dominant mineral (out of 12) in the samples of black locust honey analysed in this study is K
(205.571-428.050 mg/kg), followed by Ca (33.526-329.327 mg/kg) and Na (23.343-218.042 mg/kg)
(Table 3).

The lowest average share of Ca can be found in | (33.526 mg/kg), whereas the highest in IH region
(329.327 mg/kg) (season 1) which is greater than than the results in Slovenian (9.40 mg/kg) and
Romanian black locust honey (3.05 mg/kg) (Golob et al., 2005; Marghitas et al., 2010). IH region is
the region with the highest average value of the Na share (218.042 mg/kg), whereas the lowest
value (23.343 mg/kg) is noted in BB region (season 1). In the samples of Romanian black locust
honey it is less than (13.02 mg/kg) (Marghitas et al., 2010). The average share of K is the highest in
(season 2) IH region (428.050 mg/kg), unlike KZ region (season 1) whose value presents the lowest
mean value (205.571 mg/kg). Available literature data on the samples of Slovenian (390.00 mg/kg)
and Romanian black locust honey (187.10 mg/kg) are of average equal to of this study (Golob et al.,
2005; Marghitas et al., 2010). The highest (49.072 mg/kg) and the lowest (12.295 mg/kg) average
share of Mg is in IH region (seasons 1 and 2). Marghitas and colleagues obtained less than value
(5.7 mg/kg) (Marghitas et al., 2010). Very high value of the Zn share in relation to the other regions
is visible in IH region (30.875 mg/kg), whereas (0.937 mg/kg) the lowest measured value (0.937
mg/kg) is in BB region (season 1). All the mean values of other regions during both seasons are
equal to to mean values of Zn in Italian (0.178 mg/kg) and Romanian (1.85 mg/kg) black locust
honey whereas in the Swiss samples (0.217 mg/kg) the values are slightly lower than the interval of
this study (Caroli et al. 2000; Bogdanov et al., 2007; Marghitis et al. 2010). The lowest (season 2)
and the highest (season 1) average share of Fe is in | region (0.495 mg/kg; 2.268 mg/kg) equal to the
value of the samples of Romanian honey (1.30 mg/kg) (Marghitas et al., 2010). However, the
average values of the Fe share in Swiss (0.278 mg/kg) and Italian honey (0.258 and 0.209 mg/kg)
are lower than the ones in this study (Caroli et al., 2000; Forte et al., 2001; Bogdanov et al., 2007).
The share of Cu (0.951 mg/kg) is noticeable in IH region (season 1), unlike the season 2 where this
region has the lowest value (0.068 mg/kg). The other obtained mean values in other regions are
equal to the available literature data (0.52; 0.18; 0.08 and 0.0576 mg/kg) (Forte et al., 2001;
Bogdanov et al., 2007; Caroli et al., 2007; Marghitas et al., 2010). The average share of Mn given
the regions and seasons is of approximately the same values with the lowest share in KZ (0.090
mg/kg season 2), and the highest (0.229 mg/kg) in VZ (season 1) which is equal to the studies of
Romanian honey (0.16 mg/kg), Swiss (0.453 mg/kg), two Italian (0.098 mg/kg; 0.09 mg/kg),
whereas in Slovenian honey it is greater than (1.5 mg/kg) (Caroli et al., 2000; Forte et al., 2001;
Golob et al., 2005; Bogdanov et al., 2007; Marghitas et al., 2010). KZ region denotes the lowest
mean value (0.859 mg/kg) of Al in this study (season 1), whereas BB (season 2) is noticeable for the
highest average share of Al (3.376 mg/kg). Among all the five regions in relation to Ni, the one that
stands out (1,861 mg/kg) is IH region (season 1), whereas the lowest (0.086 mg/kg) in | region
(season 2). The average shares of Ni of 0.056 mg/kg, 0.025 mg/kg and 0.018 mg/kg less than in
relation to the values obtained in foreign studies (Caroli et al., 2000; Forte et al., 2001; Bogdanov et
al., 2007). The share of Pb in all the regions of both seasons is of approximately equal values and
ranges from the lowest of 0.024 mg/kg in BB region (season 2) to 0.107 mg/kg in IH region (season
1). Corresponding result with the abovementioned can be seen in Swiss (0.013 mg/kg) and Italian
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honey (0.023 mg/kg) whereas Caroli and colleagues measure less than (0.0028 mg/kg) (Caroli et al.,
2000; Forte et al., 2001; Bogdanov et al., 2007).

The mean value for Cd during both seasons in all the five regions ranges from the same value of
0.003 to 0.011 mg/kg. The results obtained by the Italian researchers are less than (0.0004 mg/kg
and 0.0006 mg/kg) (Caroli et al., 2000; Forte et al., 2001).

The regulations regarding maximum levels for certain contaminants in food prescribe maximum
levels for certain contaminants that may be present in certain foods, including heavy metals and
non-metals, but maximum levels of lead or cadmium in honey are not prescribed (MZSS, 2008).
The share of macro and micro elements in the soil has been determined (Ca, Na, K, Mg, Zn, Fe, Cu,
Mn, Al, Ni, Pb and Cd) (Table 4), and the results obtained are within the limits presented in the
geochemical atlas of the Geological Survey (Halami¢ and Miko, 2009) except for the share of Fe in
I region (greater than 100 times).
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Regression analysis revealed the statistically significant correlation only for Na and K regarding the
share of minerals in the soil and honey among all the five regions and both seasons together (Table
5). Correlation of the share of Na in the soil and in honey during both seasons is best described by
linear function with a correlation coefficient r = 0.8434. The correlation between the share of K in
soil and honey during both seasons is best described by linear function and the correlation
coefficient r = 0.7348 (Fig. 1, Fig. 2).

Table 5. Quantitative and qualitative correlation of the share of certain macro and micro elements in
the soil (x) and honey (y) during both seasons

[ R? Equation
Ca 0.2021 0.0404 y=0.0154x+33.877
Na 0.8434 0.7114 y=0.3551x-107.39
K 0.7348 0.5400 y=0.0983x+195.42
Mg 0.4522 0.2045 y=0.0036x+8.7622
I zn 0.1576 0.0248 y=-0.1422x+16.438
:(I Fe 0.0538 0.0029 y=1-10"x+0.8657
Z Cu 0.0099 9.7-10° y=-0.0003x+0.2854
= Mn 0.0011 1.19-10°® y=5-10"x+0.1653
Al 0.1998 0.0388 y=3-105x+1.2501
Ni 0.2562 0.0657 y=-0.011x+0.6942
Pb 0.0032 1.02-10° y=2-10"°x+0.049
Cd 0.0196 0.0004 y=0.0004x+0.0051

r*- the correlation coefficient
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Sodium share (mg/kg) in honey samples

0 100 200 300 400 500 600 700 800 900
Sodium share (mg/kg) in soil samples

Fig. 2. Qualitative and quantitative correlation of the Na share in the soil and honey in all the
studied samples (shown on the basis of the mean values of the Na share given the regions and
seasons)

Potassium share (mg/kg) in honey samples

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Potassium share (mg/kg) in soil samples

Fig. 3. Qualitative and quantitative correlation of the K share in the soil and honey in all the studied
samples (shown on the basis of the mean values of the K share given the regions and seasons)
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Conclusions

The conducted melissopalynological analysis confirmed the botanical origin of all the honey
samples for both seasons and all the regions, with greater than 21 % of the family Robinia (black
locust family), as declared by the manufacturer — black locust honey.

The share of most of the 12 macro and micro elements in analysed samples of black locust honey
varied in wide ranges, as seen between the regions and within the region; the results correspond to
the ranges of the same mentioned in the literature. Regarding the macro elements, the largest share
belongs to K, followed by Ca and Na (K: 205.571-428.050 mg/kg, Ca: 33.526-329.327 mg/kg and
Na: 23.343-218.042 mg/kg). Given the low share of contaminants Cd and Pb, Croatian honeys are
not exposed to pollution by these metals.

The shares of 12 macro and micro elements in 100 samples of soil from the area of apiaries honey
samples derive from are comparable with the values obtained by the Geological Survey, except for
the share of Fe in the Istria region, where the value obtained was around 100 times higher.
Regression analysis confirmed the correlation between the share of minerals in the soil and honey
only for Na and K, which is best described by linear function and characterised by the high
correlation coefficients.

References

Barisi¢, D., Verta¢nik, A., Bromenshenk, J. J., Kezi¢, N., Luli¢, S., Hus, M., Kraljevié, P.,
Simpraga, M., Seletkovié, Z. (1999): Radionuclides and selected elements in soil and
honey from Gorski Kotar, Croatia, Apidologie. 30, 277-287.

Belouali, H., Bouaka, M., Hakkou, A. (2008): Determination of some major and minor elements in
the east of Morocco honeys through Inductively Coupled Plasma optical Emission
Spectrometry, Apiacta. 43, 17-24.

Bogdanov, S., Haldimann, M., Luginbiihl, W., Gallmann, P. (2007): Minerals in honey:
environmental, geographical and botanical aspects. J. Apic. Res. 46, 269-275.

Caroli, S., Forte, G., Alessandrelli, M., Cresti, R., Spagnoli, M., D'llio, S., Pauwels, J., Kramer, G.
N. (2000): A pilot study for the production of a certified reference material for trace
element in honey. Microchem. J. 67, 227-233.

Conti, M. E. (2000): Lazio region (central Italy) honeys: a survey of mineral content and typical
quality parameters. Food Control. 11, 459-463.

Conti, M. E., Stripeikis, J., Campanella, L., Cucina, D., Tudino, M. B. (2007): Characterization of
Italian honeys (Marche region) on the basis of their mineral content and some typical
quality parameters. Chem. Cent. J. 1, 1-17.

Deutsches Institut fir Normung: Determination of relative pollen content of honey. DIN
10760:2002-05.

Fernandez-Torres, R., Perez-Bernal, J. L., Bello-Lopez, M. A., Callejon-Mochon, M., Jimenez-
Sanchez, J. C., Guiraum-Perez, A. (2005): Mineral content and botanical origin of Spanish
honeys. Talanta. 65, 686-691.

Forte, G., D'llio, S., Caroli S. (2001): Honey as a Candidate Reference Material for Trace Elements.
J. AOAC Int. 84, 1972-1975.

222



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Prehrambena tehnologija i biotehnologija / Food Technology and Biotechnology

Fredes, C., Montenegro, G. (2006): Heavy metals and other trace elements contents in Chilean
honey. Cienc. Investig. Agrar. 33, 50-58.

Golob, T., Dobersek, U., Kump, P., Neéemer, M. (2005): Determination of trace and minor
elements in Slovenian honey by total reflection X-ray fluorescence spectroscopy. Food
Chem. 91, 593-600.

Gonzalez Paramas, A. M., Gomez Barez, J. A., Garcia-Villanova, R. J., Rivas Pala, T., Ardanuy
Albajar, R., Sanchez Sanchez, J. (2000): Geographical discrimination of honeys by using
mineral composition and common chemical quality parameters. J. Sci. Food Agric. 80,
157-165.

Halami¢, J., Miko, S. (2009): Geokemijski atlas Republike Hrvatske. Hrvatski geoloski institut,
Zagreb.

Hernandez, O. M., Fraga, J. M. G., Jimenez, A. ., Jimenez, F., Arias, J. J. (2005): Characterization
of honey from the Canary Islands: determination of the mineral content by atomic
absorption spectrophotometry. Food Chem. 93, 449-458.

Lachman, J., Kolihova, D., Miholova, D., Kosata, J., Titera, D., Kult, K. (2007): Analysis of
minority honey components: Possible use for the evaluation of honey quality. Food Chem.
101, 973-979.

Marghitas, L. A., Dezmirean, D. S., Pocol, C. B., llea, M., Bobis, O., Gergen, I. (2010): The
Development of a Biochemical Profile of Acacia Honey by Identifying Biochemical
Determinants of its Quality. Not. Bot. Horti. Agrobo. 38, 84-90.

Merin, U., Bernstein, S., Rosenthal, I. (1998): A parameter for quality of honey. Food Chem. 63,
241-242.

Ministarstvo poljoprivrede, ribarstva i ruralnog razvoja RH (Croatian Ministry of Agriculture):
Pravilnik o kakvo¢i uniflornog meda, Narodne novine 122/09, 2009.

Ministarstvo zdravstva i socijalne skrbi RH (Croatian Ministry of Health): Pravilnik o najve¢im
dopustenim koli¢inama odredenih kontaminanata u hrani. Narodne novine 154/08, 2008.

Mufioz, E., Palmero, S. (2005): Determination of heavy metals in honey by potentiometric stripping
analysis and using a continuous flow methodology. Food Chem. 52, 313-319.

Nozal Nalda, M. J., Bernal Yague, J. L., Diego Calva, J. C., Martin Gomez, M. T. (2005):
Classifing honeys from the Soria province of Spain via multivariate analysis. Anal.
Bioanal. Chem. 382, 311-319.

Pisani, A., Protano, G., Riccobono, F. (2008): Minor and trace element in different honey types
produced in Siena country (Italy). Food Chem. 107, 1553-1560.

Perkin Elmer, ELAN ICP-MS Series Manuals, SCIEX, USA, 2008.

StatSoft Inc., STATISTICA 9.1., Single user version, University of Zagreb, 2010.

Sari¢, G., Markovi¢, K., Major, N., Krpan, M, UrSulin-Trstenjak, N., Hruskar, M., Vahci¢, N.
(2012): Changes of Antioxidant Activity and Phenolic Content in Acacia and Multifloral
Honey During Storge. Food Technol. Biotech. 50 (4), 434-441.

Terrab, A., Escudero, M. L., Gonzalez, M. M. L., Heredia, F. J. (2004): Colour characteristics of
honeys as influenced by pollen grain content: a multivariate study. J. Sci. Food Agric. 84,
380-386.

Tuzen, M., Silici, S., Mendil, D., Soylak, M. (2007): Trace element levels in honeys from different
regions of Turkey. Food Chem. 103, 325-330.

223



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Prehrambena tehnologija i biotehnologija / Food Technology and Biotechnology

Ursulin-Trstenjak, N., Hrga, 1., Stjepanovi¢, B., Dragojlovi¢, D., Levani¢, D. (2013): Determination
of botanic origin of the Croatian black locust honey (lstria region) using
melissopalynological analysis. J. Hyg. Eng. Design. 4, 122-126.

Uren, A., Serifoglu, A., Sarikahya, Y. (1998): Distribution of elements in honeys and effect of a
thermoelectric power plant on the element contents. Food Chem., 61, 185-190.

224






Sekcija: Medicinska kemija i farmacija
Session: Medical Chemistry and Pharmacy






International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Medicinska kemija i farmacija / Medical Chemistry and Pharmacy

Izvorni znanstveni rad

Utjecaj flavonoida iz cvijeta Prunus spinosa L. i Whey proteina
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Sazetak

Ova studija je provedena kako bi se procijenili uéinci visoko-proteinske dijete (Whey protein - WP)
i flavonoida izoliranih iz cvijeta Prunus spinosa L. na razli¢ite biljege oksidacijskog stresa u jetri i
bubregu miSa. Pri normalnim fizioloskim uvjetima stanicni sustav je sposoban neutralizirati
slobodne radikale katalitickim uklanjanjem reaktivnih kisikovih vrsta (ROS-a) djelovanjem
antioksidacijskih enzima. Antioksidacijsko djelovanje Whey proteina (WP) bazirano je na visokom
sadrzaju 1 bioiskoristljivosti aminokiseline cistein koja pomaze u sintezi glutationa (GSH), mo¢nog
unutarstani¢nog antioksidansa. Djelovanje WP i flavonoida izoliranih iz cvijeta trnine (ECT)
istrazeno je na laboratorijskim Zivotinjama (C57BL/6 mi§) kroz 30 dana tretmana. Zivotinje su bile
podijeljene u 4 grupe: grupa I — kontrolna grupa (KO); grupa II — ekstrakt cvijeta trnine (ECT);
grupa III — Whey protein (WP) i grupa IV — WP+ECT. Istrazivani biomarkeri oksidacijskog stresa u
organima bili su malonildialdehid (MDA) i reducirani glutation (GSH). Rezultati pokazuju da je
tretman s ECT statisticki zna¢ajno smanjio aktivnosti MDA u organima miSa u odnosu na kontrolnu
skupinu zivotinja, dok su ostale grupe ostale na razini kontrolne skupine. Koncentracije reduciranog
glutationa (GSH) u ispitivanim organima statisticki su znacajno (ANOVA, p<0,05) poveéane u
svim grupama u odnosu na kontrolnu grupu. Ovi rezultati ukazuju na to da ekstrakt cvijeta trnine i
proteini sirutke mogu djelovati kao nutritivni sastojak za povecanje endogenih antioksidacijskih
enzima i smanjenje oksidacijskog stresa.

Kljucne rijeci: Prunus spinosa L., Whey protein, lipidna peroksidacija, reducirani glutation
Uvod

Trnina (Prunus spinosa L.) je samonikla biljka koja raste u gotovom svim dijelovima Europe. Cvijet
trnine bogat je polifenolima, spojevima koji imaju izrazito jako antioksidacijsko djelovanje, poput
kvercetina, kamferola i rutina. Blagotvorni u¢inak polifenola na organizam proizlazi iz sposobnosti
vezanja slobodnih radikala (antioksidacijsko djelovanje), keliranja metala (vezanje dvovalentnih
kationa) te inaktivacije odredenih enzima zbog <¢ega im se pripisuju antibakterijska,
antikancerogena, antialergijska i protuupalna svojstva (Valls i sur., 2009).
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Oksidacijski stres, koji se definira kao posljedica neravnoteze izmedu stvaranja reaktivnih kisikovih
vrsta (ROS) i antioksidacijske obrane organizma, povezan je s oSteCenjima razliCitth molekula
ukljucujuéi lipide, proteine i nukleinske kiseline. Oksidacijski stres u stanicama odreduje se
aktivnoscu i koncentracijom antioksidacijskih enzima, kao $to su superoksid dismutaza, katalaza,
reducirani glutation, te koncentracijom karboniliranih proteina i malondialdehida (marker lipidne
peroksidacije). Navedeni enzimi neophodni su za zastitu stanica od toksi¢nog djelovanja reaktivnih
kisikovih vrsta koje se stvaraju tijekom metabolizma. Istrazivanja su pokazala da visoko-proteinska
dijeta u kojoj su koriSteni proteini sirutke smanjuje oksidacijski stres u Zzivotinja i povecava
mitohondrijsku aktivnost u mozgu (Shertzer i sur., 2013).

Svjetska zdravstvena organizacija (World Health Organization-WHO) i Organizacija za hranu i
poljoprivredu Ujedinjenih Naroda (Food and Agriculture Organization of the United Nations-FAO)
2007. godine definirali su preporuceni dnevni unos proteina koji iznosi 0,8 g proteina po kilogramu
tjelesne mase covjeka, $to je otprilike 10% preporuéenog dnevnog unosa energije. Visoko-
proteinska dijeta (vise od 2-3 grama proteina po kilogramu tjelesne mase) ¢esto se preporuca kao
dijeta koja se koristi za redukciju tjelesne mase i odrzavanje dobrog zdravlja. Rezultati razli¢itih
provedenih studija (Journel i sur., 2012; Kinsey-Jones i sur., 2015; Santesso i sur., 2012) pokazuju
da povecanje unosa proteina u prehrani smanjuje ukupan unos energije, $to dovodi do redukcije
tjelesne mase.

Prednost Whey proteina u odnosu na druge proteine je u brzoj apsorpciji u crijevima, §to u
konacnici rezultira sintezom proteina koji izgraduju misi¢e (Mansour i sur., 2015). Jedan od
najznacajnijih efekata koje proteini sirutke izazivaju u organizmu je njihova sposobnost da podize
koncentraciju glutationa (GSH), koji je najvazniji u vodi topljiv antioksidans koji se nalazi u tijelu.
Tijekom intenzivnog vjezbanja, visok udio aminokiselina donatora sulfidrilnih skupina moze
reducirati intracelularne koncentracije GSH. Unos proteina sirutke ne samo da moze usporiti
oksidacijski stres induciran vjezbanjem, nego i moze pomoc¢i u odrZavanju redoks statusa u
imunoloskim stanicama budu¢i da one mogu biti osjetljive na koncentracije unutarstani¢nih
sulfhidrilnih spojeva, GSH 1 cisteina. U¢inak ovog mehanizma potvrden je eksperimentalnim
dokazima (Marshall, 2004).

Whey proteini se smatraju i izvorom aminokiselina, budué¢i da sadrze do 26% aminokiselina
razgranatog lanca - BCAA (valin, leucin, izoleucin), te L-arginina, L-lizina, L-glutamina, cisteina,
laktoalbumina, laktozu, mineralne tvari i lipide u tragovima Prema tome, ucinci proteina sirutke u
imunoloskom sustavu mogu predstavljati u¢inak pojedinih aminokiselina samih po sebi. Osim toga,
proteini sirutke se brzo probavljaju i apsorbiraju, $to poslije unosa rezultira sintezom proteina koji
izgraduju misSi¢e (Nada i sur., 2015.; Burd i sur., 2012.). Proteini sirutke imaju mnoge pozitivne
ucinke na organizam, kao S$to su kontrola metabolizma glukoze u zdravih osoba, regulacija
prekomjerne tjelesne mase, hipertenzije i oksidacijskog stresa. Takoder, dolazi do smanjenja
ekspresije upalnih i oksidacijskih markera stresa, kao i do smanjenja krvnog tlaka (Sousa i sur.,
2012).

Cilj ovog rada bio je ispitati antioksidacijski utjecaj polifenola ekstrakta cvijeta trnine (Prunus
spinosa L.) i visoko-proteinske dijete (Whey protein) na markere oksidacijskog stresa u jetri i
bubregu C57BL/6 misa.
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Materijali i metode

Pokusne Zivotinje

Pokusi su provedeni na zivotinjama iz jedinice za uzgoj laboratorijskih Zivotinja Prirodoslovno-
matematickog fakulteta, Sveucilista u Zagrebu. Pokusne Zivotinje bile su C57BL/6 miSevi, u dobi
od tri mjeseca. U ovo istrazivanje ukupno je bilo ukljuéeno 20 Zivotinja. Zivotinje su hranjene
tijekom 30 dana. Po pet Zivotinja je bilo smjeSteno u kavezu, na temperaturi od 22°C, uz
neograni¢en pristup hrani i vodi. Zivotinje su hranjene komercijalno dostupnom hranom koja je
Zivotinjama bila dostupna ad libitum. Zivotinje su drzane u slijedeé¢im uvjetima: 12 sati svijetla i 12
sati tame pri 22 °C 1 60% vlaznosti. Hrana kojom su hranjeni miSevi je standardna hrana za miSeve
4RF21 (Mucedola, Italija, oblik 12 mm), a sadrzi pSenicu, kukuruz, soju, riblji ekstrakt, dikalcijev
fosfat, kalcijev karbonat, natrijev klorid, sojino ulje, kvasac i ljuske ljeSnjaka. Odrzavanje i njega
svih pokusnih zivotinja provedena je u skladu sa smjernicama koje su na snazi u Republici
Hrvatskoj (Zakon o dobrobiti zivotinja, NN #135, 2006 i Pravilnikom o zastiti zivotinja koje se
koriste u pokusima ili druge znanstvene svrhe, NN #47, 2011), a provodi se u skladu s Uputama za
njegu i koriStenja laboratorijskih zivotinja, DHHS Publ. #(NIH) 86-123. Pokuse je odobrilo Eticko
povjerenstvo Prirodoslovno-matemati¢kog fakulteta, Sveuéilista u Zagrebu (No. 251-58-10617-14-
21).

Eksperimentalne grupe Zivotinja

Eksperimentalne grupe su ¢inile Cetiri grupe zivotinja (5 Zivotinja po grupi): KO — Kontrolna grupa
(0,3 mL fizioloske otopine); ECT — Ekstrakt cvijeta trnine (100 mg/kg na dan); WP — Whey protein
(40% koncentracija proteina; 400 g/kg na dan); WP + ECT— Ekstrakt cvijeta trnine + Whey
protein. Zivotinje su Zrtvovane 30.-ti dan pokusa te su uzeti organi bubrega i jetre za daljnju analizu.
Zivotinje su anestezirane eterom te su iskrvarene punkcijom iz srca bez antikoagulansa. Bubrezi i
jetra su izolirani iz Zivotinja odmah nakon skupljanja uzorka krvi. Izvagani su, zabiljezena je masa i
potom su pohranjeni na -80°C za daljnju analizu.

Priprema tkiva za odredivanje antioksidacijskih enzima

Svjeze tkivo homogenizira se u 50 mM fosfatnom puferu pH 7 u omjeru 1 : 10 (w~). Organi se
potom homogeniziraju na ultrazvuénom homogenizatoru u 3 ciklusa od po 30 sekundi uz stanku od
10 sekundi izmedu ciklusa. Uzorke je potrebno cijelo vrijeme drzati na ledu. Homogenate bubrega i
jetre potom je potrebno centrifugirati pri 20 000 x g tijekom 15 min na 4°C.

Mjerenje lipidne peroksidacije

Prisutnost lipidne peroksidacije smo odredivali modificiranom metodom koju su opisali Jayakumar i
sur., 2008. Ova metoda se temelji na mjerenju koncentracije malondialdehida (MDA) koji je jedan
od glavnih produkata lipidne peroksidacije. Malondialdehid reagira sa tiobarbiturnom kiselinom i
stvara kromogen koji je moguce mjeriti spektrofotometrijski. Uzorcima jetre i bubrega mase 100 mg
dodali smo 1 mL 50 mM fosfatnog pufera (pH 7.0) i homogenirali ultrazvu¢nim homogenizatorom
Bandelin Sonoplus HD2070 (Bandelin, Njemacka) upotrebom sonde MS73 (Bandelin, Njemacka),
snagom od 10%. Homogenate smo centrifugirali centrifugom Mikro 200R (Hettich, Njemacka) 15
minuta pri brzini od 10 000 rpm. 200 pL supernatanta pomijesali smo sa 200 puL 8,1%-tne vodene
otopine SDS-a, 1,5 mL 20%-tne vodene otopine octene kiseline (pH 3.5) i 1,5 mL 0.81%-tne
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vodene otopine tiobarbiturne kiseline. Smjesu smo zagrijavali 60 minuta pri temperaturi od 95 °C.
Ohladenim uzorcima izmjerili smo apsorbanciju pri 532 nm i 600 nm spektrofotometrom Libro S22
(Biochrom, Ujedinjeno Kraljevstvo). Ukupnu apsorbanciju odredivali smo prema formuli A = A
(532 nm) — A (600 nm). Koncentraciju smo izracunali prema formuli:

c (MDA) =Ax Vuzorka (mL) /ex Vreakcijske smjese (mL) X Cproteina (mg/mL) (1)

gdje: ¢ iznosi 1,56x10° 1/M cm, a duljina kivete | iznosi 1 cm. Koncentraciju lipidnih peroksida
izrazili smo kao nmol MDA/mg proteina.

Aktivnost reduciranog glutationa

Postupak odredivanja koncentracije GSH se temelji na reakciji GSH i DNTB-a (5,5’-ditiobis-2-
nitrobenzojeva kiselina). DNTB je poznat i kao Ellmanov reagens, a koristi se pri kolorimetrijskom
odredivanju tiolnih skupina u bioloskim uzorcima. Ellmanov reagens uzrokuje oksidaciju GSH pri
¢emu dolazi do stvaranja vece koliine 2-nitro-5-tiobenzoatne kiseline (NTB) i male koli¢ine
glutation disulfida (GSSG). NTB je Zuto obojeni produkt koji se mjeri na Plate Reader-u pri 412
nm, a na temelju ¢ega indirektno dobivamo podatak o koncentraciji GSH (Eyer i sur. 2003).
Koncentraciju smo izrac¢unali prema formuli:

c=4Ax Vuzorka (mL) /ex Vreakcijske smjese (mL) X Cproteina (mg/mL) (2)

gdje ¢ (DTNB) iznosi 8,22 1/mM cm, a duljina kivete | iznosi 0,6 cm. Koncentraciju proteina u
uzorku izmjerili smo metodom po Lowryju (Lowry i sur., 1951). Aktivnost enzima reduciranog
glutationa (GSH) smo izrazili kao mU/mg.

Statisticka analiza

Statisticku analizu podataka smo napravili koriste¢i Microsoft Excel 2011 (Redmond, Sjedinjenje
Americke Drzave) i StatSoft Statistica 7.0 (Tulza, Sjedinjenje Americke Drzave). Dobivene podatke
smo izrazavali u obliku srednja vrijednost + standardna devijacija srednje vrijednosti. Visestruku
usporedbu kontrolne i tretiranih skupina miSeva izvrsili smo ANOVA analizom varijance. Interval
pouzdanosti namjestili smo na p<0,05. Post-hoc analize smo izvrsili koriste¢i Tukey test kako bismo
ustanovili razlike izmedu pokusnih grupa. Analiza je provedena pomocu SPSS verzija 17 (SPSS
Inc, Chicago, IL).

Rezultati i rasprava

Utjecaj polifenola iz ekstrakta cvijeta trnine i visoko-proteinske dijete na lipidnu peroksidaciju u
homogenatu tkiva jetre i bubrega u C57BL/6 misa

Proces lipidne peroksidacije je oblik oksidacijske promjene polinezasi¢enih masnih kiselina koji
rezultira nastankom citotoksi¢nih produkata, a jedan od njih je malondialdehid (MDA). MDA je
prihvaceni biljeg lipidne peroksidacije te se koristi u evaluaciji oksidatcijskog stresa (Bukan 1 sur.,
2003). Na slici 1. i 2. prikazani su rezultati nefroprotektivnog i hepatoprotetivnog utjecaja
polifenola iz ekstrakta cvijeta trnine i Whey proteina na aktivnost MDA u homogenatu tkiva
bubrega i jetre C57BL/6 misa.
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Slika 1. Koncentracija MDA u homogenatima tkiva bubrega kod kontrolne i tretiranih skupina
zivotinja u odnosu na kontrolu. Rezultati su izrazeni kao srednja vrijednost£SD.
* — razlike izmedu tretmana; p<0,05 (ANOVA).
KO - kontrolna grupa; ECT — ekstrakt cvijeta trnine; WP — whey proteini
Fig. 1. MDA concentration in the tissues of the kidney of the control animals and the treated groups
compared to the control. Values are expressed as means+SD.
* — differences between treatments; p<0.05 (ANOVA).
KO - control group; ECT - Flower Extract Trnina; WP - whey proteins

35

MDA (nmolmg)

KO ECT WP WP+ECT

Slika 2. Koncentracija MDA u homogenatima tkiva jetre kod kontrolne i tretiranih skupina Zivotinja
u odnosu na kontrolu. Rezultati su izrazeni kao srednja vrijednost+SD.
* —razlike izmedu tretmana; p<0,05 (ANOVA).
KO — kontrolna grupa; ECT — ekstrakt cvijeta trnine; WP — whey proteini
Fig. 2. MDA concentration in the tissues of the liver of the control animals and the treated groups
compared to the control. Values are expressed as means+SD.
* — differences between treatments; p<0.05 (ANOVA).
KO - control group; ECT - Flower Extract Trnina; WP - whey proteins
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Statisticki znacajno smanjenje (ANOVA, p<0.05) aktivnosti MDA zabiljezeno je kod grupe koja je
primala ekstrakt cvijeta trnine u homogenatu tkiva bubrega (1,020+0,18 nmol/ mg) u odnosu na
kontrolnu grupu zivotinja (2,196+0,24 nmol/mg) (slika 1) i u homogenatu tkiva jetre (0,999+0,22
nmol/mg) u odnosu na kontrolnu grupu Zivotinja (2,551+£0,35 nmol/mg) (slika 2). Smanjenje
koncentracije MDA =zabiljezeno je i kod grupa koje su primale visoko-proteinsku dijetu
(2,03240,28 nmol/mg) i kombinaciju visoko-proteinske dijete i ekstrakta cvijeta trnine (2,102+0,22
nmol/mg) u homogenatu tkiva bubrega (slika 1) i kod grupa koje su primale visoko-proteinsku
dijetu (2,298+0,24 nmol/mg) i kombinaciju visoko-proteinske dijete i ekstrakta cvijeta trnine
(2,38440,24 nmol/mg) u homogenatu tkiva jetre u odnosu na kontrolnu grupu (slika 2).

Visestruko nezasi¢ene masne kiseline su ¢esto meta stvorenih slobodnih radikala. Ustanovljeno je
da tkiva koja su izlozena oksidacijskom stresu brze ulaze u lipidnu peroksidaciju, a razlog vece
peroksidabilnosti ukljuéuje inaktivaciju, odnosno manjak antioksidacijskih mehanizama (Stefan i
sur, 2007). Kemijska modifikacija aminokiselina u proteinima tijekom lipidne peroksidacije
rezultira formiranjem lipooksidacijskih produkata koji sluze kao markeri oksidacijskog stresa in
vivo. MDA reagira s proteinima krvnih zila npr. s kolagenom i dovodi do promjena u njegovoj
strukturi (Tiku i sur., 2003.). Mnoge su studije pokazale da je koncentracija MDA znatno povisena
kod dijabetesa (Slatter i sur., 2000.). Petlevski i suradnici proveli su studiju kojoj je cilj bio ispitati
uc¢inak akarboze (inhibitor a-glukozidaze) na koncentraciju glukoze u serumu i MDA u homogenatu
jetre NOD (engl. non-obese diabetic) miSa. U NOD miSeva je dijabetes induciran in vivo
aplikacijom aloksan-monohidrata (75 mg/kg tjelesne mase). Nakon sedmodnevnog tretmana
akarbozom zabiljezeno je statisticki znacajno smanjenje koncentracije glukoze u krvi u skupini
dijabeticnih NOD miSeva tretiranih akarbozom u odnosu na skupinu dijabeticnih NOD miseva, a
isto tako je uoCen i statisticki znacajan pad koncentracije MDA (Petlevski i sur., 2006).

Pozitivni efekti aronije i njenih proizvoda na markere oksidacijskog stresa ispitivani su u malom
broju dijetetskih interventnih studija kod ljudi. Rezultati tih studija potencijalno antioksidacijsko
djelovanje baziraju upravo na smanjenju koncetracije MDA. Znacajno smanjenje koncentracije
MDA u serumu pokazano je nakon 8 tjedana konzumacije ekstrakta aronije kod ispitanika s
metaboli¢kim sindromom (Broncel i sur., 2010), kao i kod veslata koji su konzumirali sok od
aronije prije izvodenja ergonometrijskog testa (Pilaczynska-Szczesniak i sur., 2005).

Rezultati veceg broja istrazivanja podupiru pretpostavku o povezanosti lipidne peroksidacije (LPO)
i nastanka karcinoma bubrega te svrstavaju karcinom bubrega u skupinu sa znatnim promjenama u
ravnoteZi oksidacijsko/antioksidacijskog sustava. Gago-Dominguez i Castelao (2006) su predlozili
LPO kao jednu od klju¢nih ¢imbenika u razvoju karcinoma bubrega. Naime, reaktivne kisikove
vrste (RKV) koje uzrokuju LPO osteuju i DNA izazivajuéi genetske mutacije, aktiviraju
protoonkogene i/ili inaktiviraju tumor supresorske gene te mogu dovesti do preobrazbe zdrave u
zlo¢udnu stanicu. Opisani proces karakteristi¢an je za sporo proliferirajuca tkiva (npr. jetra, bubreg).
Zdravo tkivo bubrega u covjeka sadrzi veliki broj peroksisoma. U stanicama karcinoma bubrega
peroksisomi su potpuno odsutni. Posljedica nedostatka peroksisoma je naruSeni metabolizam
masnih kiselina (Grabacka i Reiss, 2008.).

Pad koncentracije MDA u jetri pronaden je i kod zdravih Stakora koji su tretirani prehranom
bogatom polifenolima iz voca poput jagoda ili §ljiva u usporedbi s kontrolnom grupom Zzivotinjama
(Mateos i sur., 2005). Diamanti i sur. su istrazivali utjecaj dvije razliCite sorte jagoda (Adria i
Sveva) na toksi¢nost u Stakora izazvanu doksorubicinom (DOX). Doksorubicin je drasti¢no poveéao

230



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Medicinska kemija i farmacija / Medical Chemistry and Pharmacy

ostecenja DNA, lipidnu peroksidaciju i sadrzaj mitohondrijskih reaktivnih kisikovih vrsta (ROS), te
je znacajno smanjio aktivnost antioksidacijskih enzima i mitohondrijske funkcije. Dva mjeseca
nakon Sto su zivotinja tretirane jagodama, doslo je do znafajnog smanjenja oSteCenja DNA i
koncentracije ROS i znalajnog poboljSanja markera oksidacijskog stresa, aktivnosti
antioksidacijskih enzima i mitohondrijske performanse. Autori su zakljucili da se unosom jagoda
moze utjecati na toksic¢nost izazvanu doksorubicinom, ta da povecéani unos jagoda ima potencijalne
zdravstvene benefite od oksidacijskog stresa in vivo (Diamanti i sur; 2014.). Sli¢an pad MDA u jetri
pronaden je i kod zdravih Stakora koji su tretirani prehranom bogatom polifenolima iz vo¢a poput
jagoda ili §ljiva u usporedbi s kontrolnom grupom zivotinjama (Mateos i sur., 2005).

U skladu s prethodnim istraZivanjima, u ovom istrazivanju, snizena razina MDA u homogenatu
tkiva bubrega i jetre kod grupe zivotinja koja je uz normalnu prehranu dobivala i ekstrat cvijeta
trnine pokazuje znacajan pad lipidne peroksidacije u odnosu na kontrolnu grupu zivotinja Sto
ukazuje na antioksidacijski u¢inak ekstrakta cvijeta trnine koji je bogat polifenolima Grupe Zivotinja
koje su tretirane WP i1 WP+TC takoder nisu izazvale oksidacijski stres. Ovi se rezultati mogu
objasniti ¢injenicom da polifenoli §tite stanice od lipidne peroksidacije, ne samo u situacijama
oksidacijskog stresa, nego i u normalnim uvjetima.

Utjecaj polifenola iz ekstrakta cvijeta trnine i Whey proteina na aktivnost GSH enzima u
homogenatu tkiva (bubreg i jetra) misa

Reaktivni radikali kisika (ROS) stvaraju se tijekom razli¢itih patoloskih procesa u povecanim
koncentracijama. Medutim, mehanizmi antioksidacijske  zastite, ukljucuju¢i razlicite
antioksidacijske enzime, sprje¢avaju oStecenja tkiva i druge komplikacije povezane s ROS-om.
Antioksidacijska zastita je vazna u uklanjanju slobodnih radikala jer osigurava maksimalnu zastitu
bioloskih mjesta kao §to su tiolne skupine koje su dio aktivnih mjesta u nekim metaboliziraju¢im
enzimima. Dobar antioksidans specificno potiskuje slobodne radikale, kelira redoks-metale,
medusobno djeluje s drugim antioksidansima unutar antioksidacijske mreze, lako se apsorbira, ima
fizioloski relevantnu koncentraciju u tkivima i bioloskim tekuc¢inama, te djeluje i u vodenim i/ili
membranskim domenama (Valko i sur., 2006.). Polifenolni spojevi, koji se javljaju u izobilju u
prehrambenim izvorima kao $to su voce, povrée, ¢aj i vino, mogu imati vaznu ulogu u jacanju
antioksidacijskog djelovanja (Pandey i sur., 2009).

Na slikama 3. i 4. prikazani su rezultati utjecaja na aktivnost reduciranog glutationa (GSH) u
bubregu i jetri tretiranih grupa zivotinja. Statisticki znafajno povecanje (ANOVA, p<0,05)
aktivnosti GSH zabiljeZzeno je kod uzorka ekstrakt cvijeta trnine u homogenatu tkiva bubrega
(100,36+0,34 mU/mg) u odnosu na kontrolnu grupu (73,11£0,48 mU/mg’), dok je statisticki
znatajno poveéanje zabiljezeno i u grupama WP (93,67£0,56 mU/mg) i WP+TC (89,17+0,42
mU/mg) (slika 3) i u homogenatu tkiva jetre (116,334+0,48 mU/mg) u odnosu na kontrolnu grupu
(83,58+0,46 mU/mg). Takoder, statisticki znaCajno povecanje zabiljezeno je u grupama koje su
tretirane sa Whey proteinom (110,46+0,44 mU/mg), kao i WP+TC (105,33+0,42 mU/mg) (slika 4).
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Slika 3. Koncentracija GSH u homogenatima tkiva bubrega kod kontrolne i tretiranih skupina
zivotinja u odnosu na kontrolu. Rezultati su izraZeni kao srednja vrijednost£SD.
* — razlike izmedu tretmana; p<0,05 (ANOVA).
KO - kontrolna grupa; ECT — ekstrakt cvijeta trnine; WP — whey proteini
Fig. 3. GSH concentration in the tissues of the kidney of the control animals and the treated groups
compared to the control. Values are expressed as means+SD.
* — differences between treatments; p<0.05 (ANOVA).
KO - control group; ECT - Flower Extract Trnina; WP - whey proteins
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Slika 4. Koncentracija GSH u homogenatima tkiva jetre kod kontrolne i tretiranih skupina Zivotinja
u odnosu na kontrolu. Rezultati su izrazeni kao srednja vrijednost+SD.
* —razlike izmedu tretmana; p<0,05 (ANOVA).
KO - kontrolna grupa; ECT — ekstrakt cvijeta trnine; WP — whey proteini
Fig. 4. GSH concentration in the tissues of the liver of the control animals and the treated groups
compared to the control. Values are expressed as means+SD.
* — differences between treatments; p<0.05 (ANOVA).
KO - control group; ECT - Flower Extract Trnina; WP - whey proteins
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Oksidacijski stres je stanje promijenjene ravnoteze u oksidacijskom/antioksidacijskom statusu
organizma u korist oksidacijskog stanja. Oksidacijski stres ima za posljedica nastanak oksidacijskih
ostecenja proteina, lipida i DNA, $to dovodi do promjene u stani¢noj strukturi i funkciji, do pojave
kroni¢nih nezaraznih bolesti poput kardiovaskularnih bolesti, degenerativnih bolesti, dijabetesa,
karcinoma i raznih drugih patoloskih stanja (Scalbert i sur., 2005.). Prema procjenama Svjetske
zdravstvene organizacije (WHO) i Organizacije za hranu i poljoprivredu (FAO) kroni¢ne nezarazne
bolesti su glavni uzrok prerane smrti u cijelom svijetu. Pojava nekroni¢nih zaraznih bolest povezuje
se s neadekvatnom prehranom i nedovoljnom fizickom aktivno$¢u. Namirnice biljnog porijekla
bogate su bioloski aktivhom tvarima, poput polifenola. Polifenoli predstavljaju najznacajnije
antioksidanse s obzirom da su visoko zastupljeni u namirnicama i da imaju visoki antioksidacijski
kapacitet.

Zahvaljujuéi cisteinu koji sadrzi tiolnu skupinu, glutation je vazan unutarstani¢ni neenzimski
antioksidans koji sudjeluje u prijenosu aminokiselina kroz plazmatsku membranu, izravno Cisti
singletni kisik i hidroksilni radikal te time detoksificira vodikov peroksid i lipidne perokside
kataliti¢im djelovanjem glutation peroksidaze (GPx). Glutation je obilato prisutan u citosolu (1-11
mM), jezgrama (3-15 mM) i mitohondrijima (5-11 mM) te je glavni topljivi antioksidans u
stani¢nim odjeljcima. Unutarstani¢ni sadrzaj glutationa ovisi o ¢imbenicima okoliSa i funkcionira
kao ravnoteza izmedu njegova iskoriStenja i sinteze. Izlaganje ROS-u 1/ili spojevima koji mogu
stvarati ROS, moze povecati sadrzaj GSH povecanjem brzine sinteze GSH (Valko i sur., 2006.).
Journel i sur. su promatrali utjecaj visoko-proteinske na mozak, odnosno kako visoko-proteinska
dijeta utjeCe na sitost. Ovi znanstvenici smatraju da konzumacijom obroka bogatog proteinima
postajemo brze siti i ostajemo dulje siti, nego Sto je to nakon konzumacije obroka bogatog drugim
makronutrijentima (ugljikohidrati i masti). Nakon konzumacije proteina, peptidni hormoni se
otpustaju iz gastrointestinalnog trakta i $alju informacije mozgu o stanju energije. Peptidni hormoni
kontroliraju unos hrane djeluju¢i na podrucje mozga koji je ukljuéen u homeostazu energije.
Visoko-proteinska dijeta dovodi do veée aktivacije peptidnih hormona nego §to bi dovela dijeta s
normalnim unosom proteina. Buduci da proteini imaju vaznu ulogu u nastanku sitosti, autori
smatraju da dugotrajna visoko-proteinska dijeta dovodi do smanjenja unosa hrane i do smanjenja
tjelesne mase kod laboratorijskih zivotinja (Journel i sur., 2012.).

Ho i sur. su istrazivali u¢inak visoko-proteinske dijete na rast stanica raka. Smatra se da stanice raka
viSe ovise o glukozi nego normalne stanice u organizmu, stoga su autori proucavali u¢inak nisko-
ugljikohidratne dijete i visoko-proteinske dijete na brzinu rasta tumora kod miseva. Otkrili su da
karcinom i kod miseva i kod ljudi raste puno sporije provodenjem visoko-proteinska dijeta, nego $to
bi to bilo provodenjem uobicajene prehrane (Ho i sur., 2011.).

Lipopolisaharidi (LPS), poznati i kao lipoglikani su velike molekule koje se sastoje od lipida i
polisaharida. Nalaze se u vanjskim membranama gram-negativnih bakterija i izazivaju snazan
imunosni odgovor kod Zivotinja tj. stimuliraju sintezu i lu¢enje reaktivnih kisikovih vrsta i citokina.
U studiji koju su proveli Mansour i suradnici ispitivan je ucinak izolata proteina sirutke na
lipopolisaharidom inducirani oksidacijski stres i akutno ostecenje jetre u Stakora. Nakon izlaganja
Stakora LPS, rezultati su pokazali veliko oStecenje jetre tj. doslo je do porasta serumskih razina
jetrenih enzima - alanin aminotransferaze (ALT) i aspartat aminotransferaze (AST). Izlaganje
lipopolisaharidu rezultirao je povecanjem razine MDA, markera lipidne peroksidacije i povecanjem
razine nitrita u hepatocitima te smanjenjem koncentracije glutationa (GSH) u hepatocitima. Tretman
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proteinima sirutke, nakon oksidacijskog stresa izazvanog LPS, rezultirao je poboljsanim funkcijama
jetre Sto pokazuje pad serumskih razina jetrenih enzima AST i ALT. Takoder, izolati proteina
sirutke smanjili su razinu nitrita i peroksidaciju lipida te povecali koncentraciju GSH u tkivu jetre.
Autori su zakljucili kako proteini sirutuke mogu biti korisno farmakolosko sredstvo za modulaciju
oStecenja nastalih oksidacijskim stresom i akutnom ozljedom jetre (Mansour i sur., 2013).

Hesham i suradnici proucavali su djelovanje proteina sirutke (100-200 mg kg™) na 3takore kojima
je bila inducirana hepatotoksi¢nost primjenom paracetamola (500 mg kg™) i alkohola (5 ml kg™)
tijekom dva i Cetiri tjedna, te su prikupljeni i analizirani tkivo jetre i plazma. Alkohol i paracetamol
su povisili jetrene enzime (AST i ALT), no nakon §to su Stakori dobivali visoku dozu proteina
sirutke doslo je do smanjenja serumskih enzima (AST i ALT) i MDA, dok su markeri oksidacijskog
stresa GSH 1 SOD porasli. Autori su zakljucili da oralna primjena proteina sirutke poboljsava
induciranu hepatotoksi¢nost (Hesham i sur., 2014.).

U studiji koju su proveli Petzke i suradnici ispitivan je utjecaj visokog unosa proteina na poveéanje
oksidacijskog stresa u $takora. Zivotinje su bile podijeljene u 4 skupine: skupina koja je imala
adekvatan unos proteina (13,8%), skupina koja je imala srednji unos proteina (25,7%), skupina koja
je imala visoki unos proteina (51,3 %), te skupina koja je imala visoki unos proteina ali nije
dobivala tokoferol acetat. Nakon 15 tjedana, skupinama su izmjerene koncentracije
malonildialdehida (MDA), karboniliranih proteina (PC) i GSH. Koncentracija GSH u plazmi nije se
znacajno razlikovala izmedu skupina, dok je jetrena koncentracija GSH bila znacajno niza u skupini
koja je imala adekvatan unos proteina. PoviSena koncentracija karboniliranih proteina pronadena je
u skupini koja je imala adekvatan unos proteina u usporedbi sa skupinom koja je imala srednji i
visoki unos proteina. Dugotrajno uzimanje visoko-proteinske dijeta nije dovelo do povecanja
markera oksidacijskog stresa (Ptzke i sur., 2000.).

Utjecaj izolata proteina sirutke na poveéanje metabolizma energije u mozgu misa istrazivali su
Shertzer i suradnici. Kod miSeva koji su hranjeni izolatom proteina sirutke markeri oksidacijskog
stresa MDA 1 4-hidroksialkeni su bili 40% nizi u homogenatima mozga, a proizvodnja vodikovog
peroksida i superoksida bila je 25-35% manja u mitohondrijima mozga. Ovi rezultati ukazuju na to
da se primjenom izolata proteina sirutke povecao broj ili poboljsale funkcije mitohondrija mozga.
Autori zakljucuju da primjena izolata proteina sirutke smanjuje oksidacijski stres i povecava
mitohondrijsku aktivnost u mozgu misa. Izolati proteina sirutke kao dodaci prehrani mogu biti
korisni u lijeCenju stanja povezanog sa oksidacijskim stresom ili smanjene mitohondrijske
aktivnosti u mozgu (Shertzer i sur., 2013.).

Nardi i suradnici istrazivali su i usporedivali protuupalno i antioksidacijsko djelovanje goji bobica,
borovnice i brusnice na miSevima. MiSevi su tretirani 10 dana s 50 i 200 mg kg ekstrakta.
Antioksidacijsku aktivnost odredili su ispitivanjem koncentracije GSH i katalaze. U sve tri biljke
zabiljezena je veca koli¢ina fenolnih spojeva (ukljucujuéi i rutin). Koli¢ina GSH i CAT bila je
najveca u skupini koja je dobivala goji bobice, a najnize u skupini koja je dobivala borovnice.
Autori su donijeli dva zakljucka: bobicasto voée ima protuupalno i antioksidacijsko djelovanje, te
da goji bobice, borovnica i brusnica moduliraju upalne procese na razli¢ite nacine (Nardi i sur;
2016.). Gu i suradnici su proveli studiju kako bi se procijenili ucinci visoko-proteinske dijete na
ravnotezu proizvodnje slobodnih radikala i antioksidacijskog statusa u probavnim organima
C57BL6 misa. Misevi su podijeljeni u dvije skupine: skupina koja je imala normalni unos proteina
(20%) te druga skupina s visokim unosom proteina (60%), uz dodatak 0,06g/kg cisteina. Nakon dva
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tjedna, miSevima su izmjereni oksidacijski i antioksidacijski parametri u dvanaesniku, jetri i
gusteraci. Rezultati pokazuju kako se konzumacijom visoko-proteinske prehrane znacajno povecala
koncentracija MDA i superoksidnog aniona, smanjila aktivnost SOD, glutation peroksidaze i
katalaze te smanjio sadrzaj reduciranog glutationa (GSH). U skupini hranjenoj visoko-proteinskom
dijetom uz dodatak cisteina je pojava oksidacijskog stresa ublazena. Rezultati studije pokazuju da
konzumacija visoko-proteinske dijete moze dovesti do promjene oksidacijsko/antioksidacijske
ravnoteZze i tako izazvati oksidacijski stres u probavnim organima miseva (Gu i sur., 2008).

Proteini sirutke sporedni su proizvod pri proizvodnji sira i za sada su nedovoljno iskoristeni u
ljudskoj prehrani. Uslijed svoje iznimne nutritivne vrijednosti (velikog udjela esencijalnih
aminokiselina, aminokiselina koje sadrze sumpor te aminokiselina razgranatog lanca) i pozeljnih
funkcionalnih svojstava, proteini sirutke se sve viSe koriste u proizvodnji razlicitih, tradicionalno
pripremljenih proizvoda, ali i novostvorenih prehrambenih proizvoda. Kako imaju aminokiselinski
sastav blizu bioloskog optimuma, smatraju se nutritivno najvrjednijim proteinima stoga ne
iznenaduje porast interesa i provedenih istrazivanja o djelovanju proteina sirutke.

U ovom istrazivanju promatrao se uéinak polifenola iz ekstrakta cvijeta trnine i visoko-proteinske
dijete u homogenatu tkiva bubrega i jetre. Trnina je biljka s visokim antioksidacijskim kapacitetom
zbog visokog sadrzaja feonlnih spojeva. Whey protein (WP) koriSten u ovom istrazivanju je
koncentrat proteina sirutke koji sadrzi 82% proteina u suhoj tvari. Proteini sirutke imaju visok udio
aminokiselina razgranatog lanca. Prednost Whey proteina u odnosu na druge proteine je u tome §to
se brzo apsorbira u crijevima. Antioksidacijsko djelovanje WP bazirano je na visokom sadrzaju i
bioiskoristljivosti aminokiseline cistein koja pomaze u sintezi glutationa (GSH), moénog
unutarstaniénog antioksidansa. Koncentracije GSH izrazene preko aktivnosti reduciranog glutationa
(GSH) u bubregu i jetri statisticki su znac¢ajno povecane u svim grupama u odnosu na kontrolnu
grupu zivotinja (slike 3 i 4), $to kazuje na antioksidacijski u¢inak ne samo ekstrakta cvijeta trnine
nego i Whey proteina.

Zakljucci

Rezultati ovog istrazivanja pokazuju da je tretman s ECT statisti¢ki znacajno (ANOVA, p<0,05)
smanjio aktivnosti MDA u jetri i bubregu misa u odnosu na kontrolnu skupinu zivotinja §to se moze
pripisati polifenolima prisutnim u ekstraktu cvijeta trnine, dok su ostale grupe ostale na razini
kontrolne skupine. Koncentracija GSH u ispitivanim uzorcima jetre i bubrega statisticki su znacajno
(ANOVA, p<0,05) poveéane u svim grupama miseva u odnosu na kontrolnu grupu, $to kazuje na
antioksidacijski ucinak bioaktivnim spojevima u ekstraktu cvijeta trnine kao i whey proteina i
smanjenje oksidacijskog stresa. Promatrani promjenjivi ucinci eksperimentalnih dijeta na aktivnosti
enzima pokazuju da antioksidansi ukljuceni u obranu od ROS-a u bubregu i jetri uvelike ovise o
enzimima, porijeklu oksidacijskog stresa i izvoru antioksidansa. Da bi se u potpunosti razumjele
fizioloSke implikacije kao odgovor na oksidacijski stres, potrebna su dublja znanja o mehanizmima
koji reguliraju aktivnosti ovih enzima.

Zahvala: Ovo istrazivanje financirano je sredstvima znanstvenog projekta Hrvatske zaklade za

znanost — HRZZ (2014.-2018.), "Primjena inovativnih tehnologija u proizvodnji biljnih ekstrakata
kao sastojaka funkcionalne hrane (IP-PE-FF).
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Effect of Flavonoids from flowers of Prunus spinosa L. and Whey protein
to oxidation/ antioxidant status in the C57BL/6 mouse
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Summary

This study was conducted to evaluate the effects of high-protein diets and flavonoids isolated from
the flowers of Prunus spinosa L. on various markers of oxidative stress in the liver and kidney of a
mouse. Under normal physiological conditions the cell system is able to neutralize free radicals
through catalytic removal of reactive oxygen species (ROS) with antioxidant enzymes. Antioxidant
activity of the whey protein (WP) is based on the high content and bioavailability of the amino acid
cysteine, which helps in the synthesis of glutathione (GSH), a potent intracellular antioxidant. The
effect of WP and flavonoids isolated from the flower trnina (ECT) has been investigated in
laboratory animals (C57BL/6 mouse) through 30 days of treatment. The animals were divided into 4
groups: group I - control group (KO); group II — flower extract trnina (ECT); group III — Whey
protein (WP) and group IV - WP + ECT. The investigated biomarkers of oxidative stress in the
organs were malondialdehyde (MDA) and reduced glutathione (GSH). The results show that a
treatment with ECT significantly reduced the activity of MDA in the organs of mice compared to
the control group, while the other group remained at the level of the control group. The
concentrations of reduced glutathione (GSH) in the examined organs were statistically significantly
increased in all groups compared to the control group. These results indicate that the extract of a
flower trnina and whey proteins may act as a nutritional ingredient to increase endogenous
antioxidant enzymes and reduce oxidative stress.

Keywords: Prunus spinosa L., Whey protein, lipid peroxidation, reduced glutathione
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Izvorni znanstveni rad

Biodostupnost antocijana iz pokoZice crnog grozda u serumu C57BL/6 miSa
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Sazetak

Cilj ovog rada bio je ispitati biodostupnost antocijana iz pokoZice crnog grozda u serumu misa.
Antocijani su podskupina flavonoida i prirodni biljni pigmenti odgovorni za razli¢ite nijanse crvene,
ljubicaste i plave boje grozda. Sudbina antocijana nakon oralne primjene slijedi jedinstveni put koji
se razlikuje od drugih flavonoida. Razlike u apsorpciji razli¢itih tipova antocijanina upuéuju da
apsorpcija ovisi o kemijskoj strukturi i tipu konjugacije antocijanina. TeSko je odrediti
biodostupnost antocijanina zbog suplemenata koji sadrze nekoliko strukturno razlicitih antocijanina
te zbog reakcija koje omoguéuju pretvorbu cijanidina u peonidine, delfinidina u petunidine i
petunidine u malvidine. Ova studija je provedena na animalnom modelu C57BL/6 miSa koji su
tretirani sa ekstraktom pokozice grozda (GSE). Broj grupa: serumi su prikupljeni nakon 15, 30, 60,
120, 180 i 240 min, te analizirani na UPLC-MS (tekué¢inska kromatografija visoke djelotvornosti uz
MS/MS detekciju). Glavni metaboliti u serumu su bili: Malvidin-3-glukozid (Mal-3-Glc), Peonidin-
3-glukozid (Peo-3-Glc) i Cijanidin-3-glukozid (Cy-3-Glc). Maksimalne razine antocijanidin-
glukozida u serumu su izmjerene 60 min nakon tretiranja zivotinja, i to 63,092; 7,455 i 124,061
ng/mL. Rezultati pokazuju da antocijani iz pro¢iSéenog ekstrakta pokozice grozda poboljsavaju
ukupan antioksidacijski kapacitet seruma.

Kljucne rijeci: biodostupnost, pokozica grozda, UPLC MS/MS, antocijani
Uvod

Povecanje svijesti potroSaca o prehrani u svezi zdravstvenih problema, te rastuée nepovjerenje
prema umjetnim aditivima osnovni su pokreta¢i koji poti¢u znanstvenu zajednicu, kao i
prehrambenu industriju da krenu u potragu za prirodnim prehrambenim aditivima koji bi zamijenili
umjetne, potencijalno Stetne po zdravlje.

Na pokozicu grozda otpada najveci postotak vinskog otpada, odnosno komine. Komina su
fermentirani ili nefermentirani ostaci koji zaostaju nakon preSanja svjezeg grozda. Pokozica grozda i
sjemenke su posebno bogat izvor polifenola poput proantocijanidina, antocijanina, flavonola i
flavan-3-ola koji posjeduju antibakterijska, antivirusna, antioksidacijska, protuupalna, anti-
kancerogena i kardioprotektivna svojstva (Kallithraka i sur, 2005).
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Agro-industrijski otpad od voéa i povréa sadrzi znacajni dio vrijednih spojeva (Das, 2001) ¢ija je
dostupnost, ekstrakcija i antioksidacijski kapacitet predmet znanstvenih istrazivanja (Moure i sur.,
2001). Antocijani su pigmenti topljivi u vodi, pripadaju podskupini flavonoida te su odgovorni za
plavu, ljubicastu, narancastu i crvenu boju raznog voca, cvijetova i lis¢a. Kod vecine sorti, pokozica
je jedino mjesto gdje se nalaze tvari boje. Antocijani su sakupljeni u pokozici i zauzimaju 3 — 4 sloja
stanica ispod epiderme. Na njihovu stabilnost utje¢u brojni ¢imbenici poput pH, temperature,
svjetla, prisutnosti drugih fenolnih spojeva, enzima, iona metala, Secera, askorbinske kiseline, kisika
i sumporova dioksida (Ovando i sur., 2009).Unato¢ njihovoj slabijoj oralnoj biodostupnosti te
relativno niskoj postprandijalnoj koncentraciji u plazmi, konzumacija namirnica bogatih ovim
pigmentima usko je povezana sa smanjenim rizikom od nastanka nekoliko patoloskih stanja,
ukljucujuéi razvoj kardiovaskularnih bolesti (Jennings i sur.,2012) i karcinoma (Zamora-Ros i sur.,
2012). Antocijani su u grozdu smjesteni u pokozici, te su odgovorni za njegovu crnu boju (Di Lecce
isur., 2014).

Antocijanidini su osnova strukture antocijana. To su aglikonski djelovi na koje se mogu vezati
Seceri ili organske kiseline. U sastavu grozda, vina i komine prema broju i vrsti supstituiranih
hidroksilnih i metilnih skupina razlikujemo 5 antocijanidina: delfinidin, cijanidin, peonidin,
petunidin i malvidin. Relativno su nestabilni i lako oksidiraju. Pri nizim pH vrijednostima nalaze se
u formi flavijevog kationa, dok su pri vi§im pH vrijednostima u kinoidalnoj formi (Garrido i
Borgez, 2013). Biodostupnost ovih spojeva je relativno niska zbog slabe apsorpcije u probavnom
sustavu te ovisi o vrsti spoja, kemijskoj strukturi, opsegu konjugacije te individualnosti crijevne
mikrobiote (Shivashankara i Acharya, 2010). Ipak antocijani dijele zajedni¢ke metabolicke reakcije
sa ostalim flavonoidima. Antocijani su kao i flavonoidi prisutni u hrani uglavnom kao glikozidi.
Aglikonski dio je hidrofoban i lako prolazi kroz membrane pasivnom difuzijom. Difuzija
hidrofilnog dijela antocijana se ne odvija lako kroz membrane. Apsorpcija antocijana se odigrava
aktivnim transportom tako §to prvo dolazi do hidrolize. Mnoge klini¢ke studije ukazuju na to da se
resorpcija antocijana odvija u malom intestinumu, mada jo$ uvijek do kraja nije razjasnjeno kako
ulaze u enterocite. Pretpostavlja se da se to odvija natrij-glikozidnim transportom ili pasivnom
difuzijom aglikona koji se prije prolaska kroz membranu izdvojio iz glikozida poslije hidrolize
laktat pilorizin hidrolazom (Wrolstad, 2004).

Antocijane karakterizira kompleksnost u ispoljavanju njihovog kemijskog utjecaja in vitro te in vivo
(McGhie i Walton, 2007), posebice kada je rije¢ o njihovoj apsorpciji, metabolizmu, distribuciji te
ekskreciji (Cisowska i sur., 2011), §to znatno utjece na stupanj njihovog povoljnog ucinka na
zdravlje. Slicno drugim polifenolima, antocijani se hidroliziraju u crijevima, te se brzo apsorbiraju u
probavnom traktu gdje ulaze u epitelne stanice pasivnom difuzijom ili pomocu specifi¢nih proteina
nosaca (Crozier i sur., 2009).

Antocijani se mogu apsorbirati netaknuti, bez obzira na razlike u veliCini ili pak Secernim i
aciliranim skupinama koje sadrze (Stalmach i sur., 2012). Na brzinu i stupanj apsorpcije antocijana
utjecu supstituenti, odnosno glikonski i Seerni dio te acilirane skupine (Tian i sur., 2006). Stupanj
apsorpcije moze biti smanjen ukoliko se antocijani nalaze u formi kompleksa sa drugim spojevima
(Kurilich i sur., 2005). Nakon apsorpcije, antocijani se dalje metaboliziraju u enterocitima ili se
izlucuju iz organizma putem urina i Zu¢i ovisno o kemijskoj strukturi (Ichiyanagi i sur., 2006). Kada
dospiju u krvotok, metaboliti antocijana mogu biti podvrgnuti drugoj fazi metabolizma koja
ukljucuje daljnje pretvorbe u jetri. Te pretvorbe su posredovane tzv. detoksikacijskim enzimima
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jetre, koji su takoder locirani u crijevnom epitelu te bubrezima. Putem tih metabolickih pretvorba,
antocijani podlijezu biotransformacijama koje ukljuuju metilaciju, glukuronidizaciju 1i/ili
sulfataciju $to narusava njihovu strukturnu stabilnost (Galvano i sur., 2009). Antocijani dosezu
maksimalnu koncentraciju u cirkulaciji tijekom 3h od unosa. Brza stopa apsorpcije uglavnom je
vezana uz apsorpciju u Zelucu (Passamonti i sur., 2003). Nadalje, antocijani se brzo uklanjanju iz
plazme jetrenim metabolizmom (Milbury i sur., 2002), a op¢enita biodostupnost je <2% (Ichiyanagi
isur., 20006).

Cilj ovog rada bio je odrediti biodostupnost antocijana izoliranih iz pokozice grozda u serumu
C57BL/6 misa.

Materjali i metode

Pokusne Zivotinje

Pokusi su provedeni na Zivotinjama iz jedinice za uzgoj laboratorijskih zivotinja Prirodoslovno-
matematickog fakulteta, Sveucilista u Zagrebu. Pokusne Zivotinje bile su C57BL/6 miSevi, u dobi
od tri mjeseca. Odrzavanje i njega svih pokusnih zivotinja provedena je u skladu sa smjernicama
koje su na snazi u Republici Hrvatskoj (Zakon o dobrobiti zivotinja, NN #135, 2006 i Pravilnikom o
zastiti zivotinja koje se koriste u pokusima ili druge znanstvene svrhe, NN #47, 2011), a provodi se
u skladu s Uputama za njegu i koriStenja laboratorijskih zivotinja, DHHS Publ. #(NIH) 86-123.
Pokus je odobrilo Eticko povjerenstvo Prirodoslovno-matemati¢kog fakulteta, Sveucilista u Zagrebu
(No. 251-58-10617-14-37). Po Sest zivotinja je bilo smjeteno u kavezu. Zivotinje su
intragastriénom sondom tretirane sa 0,2 mL fiziolo§ke otopine - kontrolna grupa (KO); odnosno 0,2
mL (100 mg/kgdan) ekstrakta pokoZice grozda (GSE). Zivotinje su anestezirane eterom te su
iskrvarene punkcijom iz srca bez antikoagulansa nakon 15 min., 30 min., 1 h, 2 h, 3h i 4 h. Uzorci
seruma su potom pohranjeni na -80°C za daljnju analizu.

Priprema uzoraka seruma za enzimsku hidrolizu

Krv je centrifugirana na 2000 g kroz 10 minuta na +4°C. Nakon centrifugiranja krvi, odvojen je
serum koji je pomijeSan sa 1/10-om volumena otopine - 20% askorbinska kiselina i 0.05%
Na,EDTA otopljena u 0.4 M fosfatnom puferu (finalni pH 6,5), te je pohranjen na -80°C.

Enzimska hidroliza uzoraka i ekstrakcija

Metabolizam antocijana ukljucuje metilaciju, sulfataciju i konjugaciju sa glukuronskom kiselinom
te degradaciju glikozidnih kompleksa i heterocikli¢kih oblika antocijana. Za navedene pretvorbe
potrebno je djelovanje enzima B-D-glukozidaze, f-D-glukuronidaze i sulfataze koji su odgovorni za
otpustanje aglikona iz glikozidnih ili glukuronidnih oblika.

200 pL seruma se pomijesa sa 10 uL mix enzima (250 U B-glukuronidase i 20 U sulfatase). Potom
se enzimska hidroliza provede tako $to se smjesa uzoraka i enzima inkubira 45 minuta na 37°C.
Nakon inkubacije uzorci su dva puta ekstrahirali sa etil-acetatom te centrifugirani 5 min/12000 rpm
/4°C. Nakon ekstrakcije u supernatant se doda etil acetat koji sadrzi 10 pL 20% askorbinske
kiseline i uzorci se upare do suha (vacuum centrifuge concentrator - 30°C, 40 min). Nakon
uparavanja talozi se otope u 100 pL 10% vodene otopine acetonitrila te cntrifugiraju 5 min/16000
rpm pri sobnoj temperaturi.
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UPLC MS/MS (Ultra Performance Liquid Chromatography - tandem mass spectrometer) analiza
ekstrakta pokoZice grozda

Ispitane su razlic¢ite metode i uvjeti odredivanja bioaktivnih spojeva (BAS) u uzorcima seruma i
organa te je provedena validacija metode i izradeni su bazdarni pravci (Serra i sur., 2011).
Antocijani u ekstraktima dobivenih iz bioloskih uzoraka analizirani su UPLC-MS/MS metodom
(Trostruki kvadropol, 6430, Agilent, USA) opremljenim suceljem za elektrosprej ionizaciju (ESI).
Za desolvataciju i u kolizijskoj ¢eliji koristio se dusik. Maseni spektrometar je spojen na sustav za
tekucinsku kromatografiju (serija 1290 Infinity, Agilent, USA). Sustav se sastoji od visokotlacne
binarne pumpe, automatskog injektora, odzrac¢ivaca i termostata za kolonu. Kolona za razdvajanje
komponenata je Zorbax C18 100x2.1x1.8 (Agilent, USA). Antocijani se razdvajaju s mobilnim
fazama koje sadrze 10% HAc u H,O (A) i ACN (B). Antocijani se analiziraju u u pozitivnom
ionskom modu pri slijede¢im uvjetima: protok plina: 11 L/min, temperatura: 300 °C, nebulizer: 400
psi, voltaza na kapilari: £ 4000 V. Na temelju masenih spektara provedena je identifikacija, a na
temelju jednadzbi bazdarnih pravaca kvantifikacija antocijana u uzorcima provedenih in vivo
istrazivanjima (Serra i sur., 2011).

Statisticka analiza

Statisti¢ka obrada rezultata provedena je pomoc¢u programa Statistica v. 10. software (StatSoft Inc.
Tulsa, USA). Dobivene podatke smo izrazavali u obliku srednja vrijednost + standardna devijacija
srednje vrijednosti. VisSestruku usporedbu kontrolne i tretiranih skupina miSeva izvrSili smo
ANOVA analizom varijance. Interval pouzdanosti namjestili smo na p<0,05.

Rezultati i rasprava

Nakon jedne intragastricne aplikacije antocijanidini su detektirani u serumu nakon 15 minuta i
dostigli su maksimalnu koncentraciju od 63,092 ng/mL za Mal-3-Glc; 68,111 ng/mL za Cy-3-Glc i
7,455 ng/mL za Peo-3-Glc 1 h nakon intragastri¢ne aplikacije. Koncentracija antocijana u serumu je
naglo opala 2 h nakon aplikacije (Slika 1 a, b i ¢). Antocijani su zajedno sa ostalim flavonoidima
vazni nutritivni sastojci zbog svojih antioksidacijskih sposobnosti, §to ukazuje na njihovu
potencijalnu primjenu u prevenciji bolesti koje su povezane sa oksidacijskim stresom (Croiser i sur.,
2010.). Dnevna potro$nja antocijana je procijenjena na 3-215 mg/dan (Chun i sur., 2007). Prema
Europskoj agenciji za sigurnost hrane, siguran unos hranom je 36 mg antocijana dnevno.
Biodostupnost fenolnih komponenata je ovisna o stukturi hrane u kojoj su prisutni. Lipofilnija
struktura moze ubrzati topljivost i apsorpciju flavnonoida. Prisutnost etanola moze utjecati na
stupanj apsorpcije antocijana (Faria i sur., 2009) te njihov transport kroz epitel crijeva. Sljedeci
faktor koji je potrebno uzeti u obzir kada je rije¢ o biodostupnosti antocijana je interakcija izmedu
polifenolnih komponenata i ostalih komponenata prisutnih u hrani (polifenolne komponente imaju
sposobnost interakcije sa proteinima prisutnim u hrani) (Jakobek, 2015). Te interakcije mogu imati
utjecaja na modifikaciju njihove bioloske funkcije i ogranicenje apsorpcije. Ustanovljeno je kako
stanice postaju sklonije transportu antocijana kada su dugotrajnije izlozene njihovom unosu. Jo$
jedan vazan faktor koji moZe imati utjecaja na biodostupnost antocijana je njihovo potencijalno
uzimanje kao pigmenata (derivati antocijana), posebice kada je rije¢ o konzumaciji vina. Antocijani
mogu dospjeti u plazmu Stakora 15 minuta nakon oralne primjene 400 mg/kg (~21.1 nM kg/pmol
malvidin-3-glukozid piruvinske kiseline i ~28.8 nM kg/umol, malvidin-3-glukozida) (Faria i sur.,
2009).
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Slika 1. Srednja vrijednost koncentracija Mal-3-Glc (a), Peo-3-Glc (b) i Cy-3-Glc (c) u ovisnosti o
vremenu u serumu C57BL/6 misa nakon intragastricne aplikacije ekstrakta pokozice grozda u dozi
od 100 mg/kg tjelesne teZine.

Kratice: Mal-3-Glc (malvidin-3-glukozid), Peo-3-Glc (peonidin-3-glukozid) i Cy-3-Glc
(cijanidin-3-glukozid)

Fig. 1. The mean concentration of Mal-3-Glc (a), Peo-3-Glc (b) and Cy-3-Glc (c) in function of
time in the serum of C57BL/6 mouse after intragastric administration of the extract of grape berry
skin at a dose of 100 mg/kg body weight.

Abbreviation: Mal-3-Glc (malvidin-3- glucoside), Peo-3-Glc (peonidin-3- glucoside) i Cy-3-Glc
(cyanidin-3-glucoside)
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Nakon gutanja, antocijanini se brzo detektiraju u plazmi u nativnim oblicima, vjerojatno kao rezultat
njihove apsorpcije kroz zelucanu stjenku (Milbury i sur., 2002). Ispitivanje biodostupnosti koje je
provedeno na $takorima koji su bili tretirani sa 400 mg/kg antocijana pokazalo je da su poslije jedne
oralne aplikacije antocijani detektirani u plazmi nakon 15 minuta i da su dostigli maksimalnu
koncentraciju od 2-3 pg/mL nakon 1,5 h, te da je koncentracija antocijana naglo opala nakon 2 h
(Manach i sur., 2005). Maksimalna koncentracija antocijana u plazmi se postize unutar 0,5-2 h
nakon konzumacije hrane bogate antocijanima. Sustavna biodostupnost antocijana se procjenjuje na
otprilike 0,26-1,8% u studijama provedenim na Zzivotinjama (Borges i sur., 2007). Maksimalna
koncentracija ukupnih antocijana u plazmi iznosi 1-100 nmol/L nakon konzumacije bobicastog voca
i grozda kod zdravih pojedinaca (Prior i Wu, 2006). Apsorbirani antocijani se brzo eliminiraju iz
sistemske cirkulacije. U pokozici grozda najvise su zastupljeni malvidin-3-glukozid te cijanidin-3-
glukozid. U studijama koje su se bavile prou¢avanjem farmakokinetike malvidina i cijanidina je
ustanovljeno kako malvidin-3-glukozid i cijanidin-3-glukozid doseZzu maksimalnu koncentraciju u
plazmi 30-60 min nakon obroka (Vitaglione i sur., 2007). S obzirom na biodostupnost, cijanidin-3-
glukozid te pelargonidin-3-glukozid imaju najvisi stupan;j sistemske biodostupnosti.

Nasi rezultati se slazu sa gore navedenim rezultatima ako se uzme u obzir da su zivotinje tretirane sa
100 mg/kg ekstrakta pokozice grozda. Antocijani grozdanog soka imaju visi stupanj apsorpcije u
odnosu na antocijane vina, §to je potvrdeno na zdravim pojedincima. Razlog tomu je visi sadrzaj
Secera u grozdanom soku. Antocijani su u uzorcima plazme i urina bili uglavnom prisutni u formi
glukozida. Nakon unosa grozdanog soka, maksimalna koncentracija Cy-3-Glc je iznosila 0,42
ng/mL, Mal-3-Glc 48,8 ng/mL te Peo-3-Glc 27,3 ng/mL kroz 30 minuta. Nakon unosa crvenog vina
nije detektirana prisutnost Cy-3-Glc, dok je maksimalna koncentracija Mal-3-Glc iznosila 18,5
ng/mL, a Peo-3-Glc 12,6 ng/mL kroz 90 minuta. Nije utvrdena statisticki znaCajna razlika u
koncentraciji ukupnih antocijana prisutnih u plazmi nakon unosa oba pica. Jedina razlika je
utvrdena za koncentraciju cijanidina i delfinidina koja je bila veéa u slu¢aju unosa grozdanog soka
(Bitsch 1 sur., 2004). Otprilike 30-44% konzumiranog Cy-3-Glc je pronadeno u ljudskoj plazmi u
obliku protokatehinske kiseline (PCA) nakon konzumacije soka od narance (Vitaglione i sur., 2007)
te kupina (Chen i sur., 2012). Maksimalna koncentracija PCA je iznosila 0,5 M nakon uzimanja 71
mg Cy-3-Glc u zdravih pojedinaca, a Cy-3-Glc 1,9 nM (Vitaglione i sur., 2007).

3'-O-metilacija je odgovorna za pretvorbu cijanidina u peonidin te delfinidina u petunidin, dok 5°-
O-metilacijom petunidin prelazi u malvidin (Crozier i sur., 2009). Kateholna struktura je od
presudne vaznosti za aktivnost katehol-O-metiltransferaze (COMT; enzim koji sudjeluje u
degradaciji neurotransmitera) te zbog toga pelargonidin, peonidin, i malvidin nemaju metilirane
metabolite. Tragovi petunidin-3-glukozida i malvidin-3-glukozida, nastali metilacijom delfinidin-3-
glukozida (metabolita koji nastaje nakon ingestije cijanidin-3-glukozida), nadeni su u bubrezima,
jetri, serumu te urinu Stakora (Vanzo i sur., 2011). U urinu Covjeka i Stakora, koncentracija
delfinidina je niza u odnosu na koncentraciju malvidina. Razlog tome je razlika u hidrofobnosti;
malvidin ima manje slobodnih hidroksilnih skupina $to ga ¢ini hidrofobnijim, pa se lakSe
transportira u stanice i tkiva. Buduci da je ekskrecija putem urina indikator apsorpcije, u istrazivanju
provedenom na Stakorima, utvrdeno je da delfinidin glukozid ima visi stupanj apsorpcije u odnosu
na malvidin glukozid (McGhie i sur., 2003). Ovo saznanje takoder podupire Cinjenica da je
koncentracija delfinidina i cijanidina u plazmi znatno visa u odnosu na koncentraciju malvidina.
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Rezultati istrazivanja provedenih na antocijanima upucéuju na njihovu slabu biodostupnost (Pojer i
sur., 2013). Postoji nekoliko faktora koji su odgovorni za relativno nisku biodostupnost antocijana,
ukljucujuéi i ¢injenicu da je znacajan broj njihovih metabolita prisutan u koncentracijama koje se ne
mogu analiticki detektirati. Takoder, odredene forme antocijana se mogu vezati u komplekse sa
drugim komponentama te na taj naéin izbjeéi detekciju (Mazza, 2007). Metabolizam antocijana
ukljucuje metilaciju, sulfataciju i konjugaciju sa glukuronskom kiselinom te degradaciju glikozidnih
kompleksa i heterociklickih oblika antocijana (Slimestad i sur., 2007). Za navedene pretvorbe
potrebno je djelovanje enzima B-D-glukozidaze, B-D-glukuronidaze i a-L-ramnozidaze koji su
odgovorni za otpustanje aglikona iz glikozidnih ili glukuronidnih oblika (Selma i sur., 2009).
Pozitivni ucinci na zdravlje se mogu povezati sa sporim i kontinuiranim otpustanjem fenolnih
komponenti u krvotok. Bez obzira na njihovu naocigled slabu biodostupnost, utvrdeno je kako su
koncentracije antocijana u plazmi dovoljno visoke da induciraju pozitivne promjene u prijenosu
signala te genskoj ekspresiji in vivo. Poznato je da flavonoidi mogu ulaziti u direktne interakcije sa
lipidima membrane, utjeCu¢i na taj nacin na fizioloska svojstva membrane, interakcije izmedu
liganda i receptora, modulaciju prijenosa signala, transport kroz membranu i enzimsku aktivnost
(Verstraeten 1 sur., 2010). Rezultati velikog broja istrazivanja su uniformni u zaklju¢ku da, iako
postoje odredene varijacije u vrijednostima biokinetickih parametara, antocijani se brzo apsorbiraju
i eliminiraju iz organizma. S obzirom na rezultate navedenih istrazivanja, mozemo zakljuciti kako
ove bioloski aktivne komponente mogu proci kroz gastrointestinalni trakt te dospjeti u sistemsku
cirkulaciju u svojoj nativnoj ili metaboliziranoj formi. Zajednicki zakljucak vecéine autora jest da su
antocijani prisutni u visokim koncentracijama u Zeludcu, medutim sam mehanizam gastricke
apsorpcije nije u potpunosti razjasnjen.

Veliki utjecaj na biodostupnost anotcijana imaju slijede¢i parametri: (i) varijacije u unosu; (ii)
kemijska struktura u razli¢itim prehrambenim izvorima; (iii) nafin procesiranja i struktura hrane i
pica u kojima su prisutni; (iv) dob i spol pojedinaca; (v) upotrijebljena analiticka metoda.

Antocijani su hranjive bioaktivne komponente koje imaju dvostruki znacaj. Prvi je tehnoloski, zbog
njihovog utjecaja na senzorske karakteristike prehrambenih proizvoda, a drugi je bioloski zbog
utjecaja na zdravlje, medu kojima je najvazniji kardioprotektivni u¢inak (De Pascual i Sanchez,
2008).

Zakljukci

Zbog napretka industrijalizacije agro-industrijski otpad postaje rastuéi problem. Ovaj nusproizvod
iznimno je bogat polifenolnim spojevima, §to otvara mogucnost iskoristenja komine i stvaranja
proizvoda dodane vrijednosti. Naime, tijekom prerade grozda i proizvodnje vina ¢ak 60-70 %
bioaktivnih spojeva grozda zaostaje u komini i ne prelazi u vino, §to kominu ¢ini bogatim, jeftinim i
lako dostupnim izvorom bioaktivnih spojeva s primjenom u farmaceutskoj, kozmetickoj i
prehrambenoj industriji. Biodostupnost je pojam koji se odnosi na brzinu apsorpcije i koli¢inu
aktivne tvari koja dospije u sistemsku cirkulaciju. Bioaktivne komponente iz biljnih izvora moraju
imati odredenu biodostupnost kako bi ispoljile bilo kakav uc¢inak na organizam. Zbog toga, potrebno
je siroko znanje o njihovoj farmakokinetici kako bi se utvrdio stvaran utjecaj dnevnog unosa tih
komponenata na zastitu i poboljSanje zdravstvenog statusa.
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Summary

The aim of this study was to investigate the bioavailability of anthocyanins from the skins of red
grapes in mouse serum. Anthocyanins are a subgroup of flavonoids and natural plant pigments
responsible for various shades of red, purple and blue grapes. The fate of anthocyanins after oral
administration follows a unique path that is different from other flavonoids. Differences in the
absorption of different types of anthocyanins indicate that the absorption is dependent on the
chemical structure of anthocyanins and the type of conjugation. It is difficult to determine the
bioavailability of anthocyanins because of supplements which contain several structurally different
anthocyanins and because of reactions that allow the conversion of cyanidin into peonidin,
delphinidin into petunidin and petunidin into malvidin. This study was carried out on an animal
model of C57BL / 6 mice which were treated with the extract from the skins of grapes (GSE). The
numbers of serum groups were collected after 15, 30, 60, 120, 180 and 240 min and analyzed on a
HPLC-MS (high performance liquid chromatography with MS / MS detection). The dominant
metabolites in the serum were: malvidin-3-glucoside (Mal-3-Glc), peonidin-3-glucoside (PEO-3-
Glc) and cyanidin-3-glucoside (Cy-3-Glc). The maximum levels of anthocyanidin-glucoside levels
in the serum were measured 60 min after the treatment of animals, and were: 63.092; 7.455 and
124.061 ng/mL. The results show that these molecules from a purified extract of grape epidermis
improve the total antioxidant capacity of the serum.

Keywords: bioavailability, skins of red grapes, UPLC MS/MS, anthocyanins
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Summary

In recent years utilizing biopolymer interactions, or crosslinking-assembled spherical structures,
enabled the encapsulation and targeted delivery of numerous active ingredients. The self-assembly
of proteins such as zein or casein micelles has already been explored as a vehicle for delivery of
hydrophobic bioactive compounds, while the use of alginate-protein or chitosan-protein complexes
has been introduced very recently, mostly for encapsulation of pharmaceutical model drugs. In this
study we focus on using alginate, chitosan and proteins as biopolymer building blocks for
encapsulation of quercetin, a representative poorly water-soluble lipophilic polyphenolic
antioxidant.

The approach of improving quercetin solubility in a mixture of ascorbic acid was evaluated, and
compared to plain compounds based on their antioxidant capacity. Electrostatic complexation
between alginate and chitosan and reinforcement with whey proteins was conducted and mediated
additionally by temperature (70°C) and ionic cross-linking. The encapsulation of both quercetin and
ascorbic acid was achieved, enabling to entrap up to 66% of quercetin and 54% of ascorbic acid.
Macro-sized spherical particles of alginate-chitosan and whey proteins-chitosan were produced
ranging up to 2 mm in size, with the use of chitosan enabling the production of smaller particles.
Whey protein-chitosan particles were less spherical, but provided the most retarded, prolonged
release of quercetin from the particles in simulated gastric and intestinal fluids.

Keywords: antioxidant capacity, encapsulation, proteins, quercetin

Introduction

Currently an increasing tendency is directed towards production of engineered food materials as
delivery systems of bioactive, nutraceutical compounds that are mainly structured by a complex
assembly of various food ingredients such as proteins, polysaccharides, lipids, sugars, emulsifiers,
minerals, and water. Among these components, proteins and polysaccharides play a key role in the
structuration and stabilization of food systems through their gelling, thickening, and surface-
stabilizing functional properties (Schmitt et al., 1998).
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With regard to food applications, those biopolymers are used as wall materials in the formation of
micro- and nano-sized particulate systems for delivery of functional ingredients, such as drugs,
nutraceuticals, flavors and antimicrobials (Grigoriev & Miller, 2009; McClements et al., 2007;
Madene et al., 2006; Weiss et al., 2007; Yaghmur & Glatter, 2009). Functionalization of polymeric
chains enables to obtain microparticles with new properties, for example resistance to the action of
chemical agents (Patel et al., 2010). Moreover, protein-polysaccharide complexes (Augustin et al.,
2006; Ducel et al., 2004; Mendanha et al., 2009; Pierucci et al., 2006) are used to improve the
emulsifying and filmogenic or other interesting functional properties during microencapsulation.
The presence of numerous functional groups on protein surfaces is advantageous from a particle
production point of view, since it enables interactions with bioactive compounds, cross-linking
agents, or coating substances. Thus, it is possible to custom-design protein-polysaccharide particles
with specific physicochemical and functional attributes for different applications (Jahanshahi &
Babaei, 2008; Khan & Schneider, 2013).

Electrostatic attractions are essential for the formation of protein-polysaccharide electrostatic
complexes, but also of two ionic (opositely charged) polysaccharides. The formulation of protein-
polysaccharide particulate systems has also been achieved through heat denaturation of globular
proteins followed by electrostatic complexation with polysaccharides, either anionic (e.g., alginate
and pectin) or cationic (e.g., chitosan) in nature (Hong & McClements, 2007; Schmitt et al., 1998;
Yu et al., 2006). Biopolymer nanoparticles were formulated by thermal treatment of associative
complexes of B-lactoglobulin and beet pectin (Jones & McClements, 2008). Aside from chitosan
and other naturally charged polyanionic polysaccharides (such as alginate and pectin), the
electrostatic complexes of proteins and polysaccharides can be formed from other hydrocolloid
biopolymers. For example, Liu et al. (2010) prepared pea protein isolate (PPI) and gum arabic (GA)
complexes by mixing them together at pH 8.0 and then adjusting the mixture to the desired acidic
pH value. In a study by Yin et al. (2012) acid soluble soybean protein, which contains more soluble
protein in acidic solution, and soybean soluble polysaccharide (SSPS) were used to produce
complexes.

In order to evaluate the potential of developing a delivery system of a potent bioactive compound in
polyelectrolyte polysaccharide or protein-polysaccharide complexes, in the present study quercetin
(3,-7-pentahydroxy flavone) was used as a model drug. This lypophilic compound belongs to a sub-
class of flavonoids known as flavonols. It is one of the most abundant flavonoids in the human diet
and is already used in nutraceuticals or food supplements, owing to its antioxidant, anti-
inflammatory, anti-bacterial, anti-coagulative and anti-hypertensive properties (Boots et al., 2008).
However, in spite of exhibiting a wide range of pharmacological properties, flavonoids and related
compounds present obstacles to their pharmaceutical use, due to their poor solubility in aqueous
media (Moridani et al., 2002). Therefore, encapsulation of these compounds, using conventional
methods is scarce and mostly addressed by encapsulation in liposomes (Frenzel and Steffen-Heins,
2015) or cyclodextrins (Goniotaki et al., 2004; Tommasini et al., 2004), which still presents
economically unfeasible and hard to up-scale processes. Since quercetin is a lypophilic compound
with limited solubility in water, an approach is required for its delivery in natural hydrophilic
biopolymers, which conditions its water solubility. Therefore in the present study, quercetin
solubility in water was aimed to be improved in acidic conditions and different combinations of
alginate, chitosan and whey proteins were employed to encapsulate this compound, via a particulate
system developed by using the natural biopolymers and combinations thereof.
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Materials and Methods

Preparation and antioxidant capacity of quercetin solution

In order to improve the dissolution rate of quercetin in water, an approach of lowering the pH value
by using ascorbic acid was evaluated in the present study. With the aim of determining the extent of
quercetin solubility, the antioxidant capacities of both plain compounds (0.01 g/mL) and the
obtained binary mixture (each compound of 0.01 g/mL concentration in the mixture) were evaluated
by employing the ABTS radical scavenging assay (Re et al.,1999).

For the encapsulation of quercetin in a hydrophilic media, a solution of ascorbic acid (0.01 g/mL)
was prepared and an equal concentration of quercetin added to the final solution (0.01 g/mL).

Preparation of alginate-based blended carrier systems

The preparation of beads was carried out by ionic gelation of alginate and chitosan, following the
techniques adopted by Bels¢ak-Cvitanovi¢ and colleagues (2011; 2015) and Shu and Zhu (2002),
with some modifications. Five delivery systems were formulated; plain sodium alginate (A),
alginate reinforced with whey proteins (AWP) or chitosan (AChit), plain chitosan particles (Chit)
and chitosan reinforced with whey proteins (ChitWP). Alginate (2%, w/v), chitosan (4% w/v) and
whey protein (10%, w/v) solutions were prepared by dissolving the stated biopolymers in the
previously prepared solution of quercetin in ascorbic acid and stirring over night. The AWP and
ChitWP delivery systems contained plain sodium alginate or chitosan and whey protein solution
(previously heated to 70°C for 30 min), prepared in mass proportions of 80:20 (w/w), respectively.
The plain and blended formulations were well homogenized, sonicated for 15 sec and drawn into a 5
mL syringe attached with a blunt tip and 19-gauge metal needle. The prepared A and AWP mixtures
were encapsulated to a receiving beaker containing 50 mL of cross-linking solution consisting of
2% (w/v) calcium chloride in distilled water. For the chitosan reinforced alginate beads, the cross-
linking solution consisted of 2% (w/v) calcium chloride and 1% (w/v) of chitosan dissolved in a
solution of ascorbic acid whose pH value was adjusted to 2.5 (as described by Bels¢ak-Cvitanovi¢
et al., 2011). In case of chitosan particles, chitosan hydrogel beads were prepared by dripping plain
chitosan or chitosanWP solutions (in the same ratio as in case of AWP particles) into a receiving
solution of 5% (w/v) sodium tripolyphosphate (TPP) in water. The formed beads were left to harden
under mixing for 24h. All of the obtained beads were removed from the hardening solutions, rinsed
with distilled water and stored in refrigerated conditions or freeze dried.

Hydrogel beads image acquisition and capture

The surface morphology, particle size and appearance of randomly selected hydrogel beads were
examined by an optical microscope (Leica Microsystems, Wetzlar, Germany) and a high-resolution
digital microscope AM413T5 (Dino-lite Pro, Taiwan). Using the accompanied software, microscope
was calibrated and photographs of samples with 1280 x 1024 resolutions were acquired directly into
software and stored in JPEG (Joint Photographic Experts Group) format of superfine quality. 4-
100x magnifications were used for all samples. The mean size of obtained beads was determined by
using the diameter circle measurement function of the microscope, which allowed the reading of the
diameter of beads upon capturing their images. The particle size was also confirmed by manual
reading of the size of beads upon placing them on a measurement/calibration scale and deducing the
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mean value for each sample. Humidity content (%) was measured gravimetrically, by drying the
beads in an oven at 105°C until constant weight (AOAC, 1996).

Encapsulation efficiencies and release profiles of entrapped bioactives

The contents of quercetin and ascorbic acid entrapped in the produced beads were estimated by
crushing a known amount of the freeze dried beads using a mortar and pestle and then solubilizing
in methanol or in 1% of meta-phosphoric acid solution (MPA) in case of ascorbic acid, under
vigorous shaking on a Vortex mixer (Tehnica, Zelezniki, Slovenia). The content of quercetin loaded
in the beads was determined by HPLC analysis, while the content of ascorbic acid was determined
spectrophotometrically using the DCPIP reagent (Barros et al., 2008). The HPLC analysis of
quercetin content was conducted according to the method described by Bels¢ak-Cvitanovié¢ et al.
(2011) using an Agilent 1100/1200 Series HPLC device (Agilent, Santa Clara, USA) and a
Photodiode Array detector (Agilent, Santa Clara, USA) by using a reversed-phase ACE C-18
column (250 x 4.6 mm, 5 um i.d.). All analyses were repeated three times.

The percentage of loading efficiencies was calculated as the ratio between the quercetin or ascorbic
acid contents in the solution of disintegrated beads and their respective contents in the initial
encapsulant solution.

Release profiles of entrapped bioactives

The release of quercetin and the antioxidant capacity from the obtained beads in simulated gastric
and intestinal fluids (SGF and SIF) was performed by evaluating the quercetin content by HPLC
analysis and antioxidant capacity by using the spectrophotometric ABTS radical scavenging assay.
The fluids used for the study included pH = 1.2 (0.1 M HCl+pepsin) and phosphate buffer, pH 7.4
containing pancreatin as simulated gastric and intestinal fluids (SGF and SIF), respectively, as
proposed by the European Pharmacopeia 7.0. For the analysis a known amount of particles (of about
3g) was suspended in 50 mL of simulated fluids at 37°C. The samples were submitted to continuous
agitation on an orbital shaker (New Brunswick Scientific Co., Inc., Edison, NJ) operating at 100
rpm. At defined time intervals, an aliquot of the medium was taken for analysis and replaced by the
same amount of fresh medium.

Results and Discussion

The pharmacological activities of quercetin, have been well known and its use is expanding in
recent years (White et al., 2007), which can be attributed to the higher antioxidant activity of
quercetin in comparison to the other well-known antioxidant molecules such as ascorbyl palmitate,
trolox and rutin because of the number and position of free hydroxyl groups in the quercetin
molecule (Nathiya et al., 2014). These results are in agreement with the results obtained in the
present study (Figure 1), where the ABTS radical scavenging capacity revealed higher antioxidant
capacity of quercetin than in comparison to ascorbic acid.
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Fig. 1. Antioxidant capacity of plain quercetin and ascorbic acid solutions
and their binary mixture in methanol and water

However, this was observed only in case of methanolic solutions of those compounds, where
quercetin exhibits complete solubility. In case of a binary mixture of those two compounds, almost
2-fold higher antioxidant capacity was achieved than in comparison to plain quercetin and 3-fold
higher when compared to plain ascorbic acid. If the observed antioxidant capacity is compared to
the theoretical value (sum of antioxidant capacities of plain quercetin and ascorbic acid solutions),
approx. 10% higher antioxidant capacity of the formulated binary mixture was obtained, indicating
a potential synergistic effect of the combination of those two compounds. However, since the food
requirements of antioxidant nutraceuticals are limited to nontoxic solvents, the quercetin should be
readily delivered in water, which results with no antioxidant capacity of that compound, as indicated
on Figure 1. After dissolution of quercetin in the previously prepared ascorbic acid solution, and
formulating a binary mixture, its resulting antioxidant capacity is significantly increased.

In order to enable the use of quercetin in therapeutic and food applications and to overcome the
issue of its poor solubility in water, which restricts the use of this flavonoid mainly to oral
administration (Nathiya et al., 2014), encapsulation of the binary solution of quercetin and ascorbic
acid was performed via ionic gelation of several natural biopolymers and their combinations.
Ionotropic gelation of sodium alginate (-) and chitosan (+) is well known and is based on the ability
of polyelectrolytes to cross link in the presence of polyvalent counter ions (calcium (+) and TPP (-))
to form hydrogel beads. The resulting spherical hydrophilic polymeric entities are capable of
extensive gelation and swelling in simulated biological fluids and the release of drug controlled by
polymer relaxation. The alginate particles formulated in that way are characterized by extremely
porous hydrogel structure, which results with fast release kinetics of entrapped active compound
occuring due to diffusion based mechanisms.
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Based on previous research, the release kinetics can be improved i.e. prolongued by reinforcing the
basic delivery carrier especially alginate with an adjunct biopolymer, thereby influencing the
hydrogel porosity and modifying the encapsulation and loading capacities and release profiles
(Bels¢ak-Cvitanovi¢ et al., 2015).

The approach employed in the present study focuses on the exploitation of polyelectrolyte protein-
polysaccharide interactions to reinforce and entrapp a hydrophobic active compound (quercetin) in
the previously stated hydrogel particulate systems. Preliminary experiments conducted by dripping
technique of the polymer solution containing the active compound (i.e. internal gelation) produced
large spherical beads ranging up to 2 mm in size (Table 1). Such beads, constituted of a gelled
polymeric matrix, imbibe large amounts of water, up to 95%, which is according to the obtained
results dependent on the delivery system composition. The reinforcement of plain biopolymers
alginate and chitosan with whey proteins (or chitosan) resulted in reduction of the particle size
which may be an indication of occuring polyelectrolyte interactions and more pronounced gel
formation. This may result in better crosslinking and less interstitial spaces in the hydrogel, thus
producing smaller particles. This indicates that upon up-scaling of the bead production, and
employment of extrusion-assisted encapsulation to produce micro-sized beads, the reinforced
polyelectrolyte particles may be preferred over the plain polymeric systems.

Table 1. Humidity, particle size and encapsulation efficiencies of quercetin and ascorbic acid in
different biopolymer-based hydrogel beads

Humidity Particle size Er_lc_apsulatlon En_capsulatlon
eff'Clem:yquercetin efﬁC'enCyascorbiC acid
% mm % %

A 9523 £0.21 1.97 £0.05 56.82 £1.52 5128 +£1.25
AWP 93.81+£0.07 1.82 £0.04 64.82 £0.58 53.49 £2.41
AChit 92.15+0.18 1.78+ 0.09 65.54 +£0.08 49.73 £1.57

Chit 93.23 £0.31 1.54 £0.25 61.17 £2.37 43.89 +3.23
ChitwP 9242 £0.29 1.48 £0.16 61.28 £4.51 4592 £1.18

According to the determined encapsulation efficiencies (Table 1), both quercetin and ascorbic acid
were retained in the hydrogel beads matrix. In relation to the initial drug content of the encapsulant
solution, up to 66% of quercetin and 53% of ascorbic acid was efficiently loaded in the formulated
beads. The results revealed that reinforcement of alginate with whey proteins or chitosan improves
the encapsulation efficiency of the two active compounds in comparison to plain alginate. The
reason for that may be attributed to the formation of complexes between the two biopolymers by
electrostatic complex coacervation, which reduced the hydrogel matrix porosity and contributed to
better active compound retention. Namely, the pH plays a key role in the formation of complexes
because of its effect on the ionization degree of the functional side groups carried by the
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biopolymers (i.e., amino and carboxylic groups). For this reason, considering a mixture containing
an anionic polysaccharide and a protein, the maximum coacervation yield is obtained below the pl
of the protein, where the two biopolymers carry exactly opposite net charges, resulting in maximum
electrostatic attraction (Schmitt et al., 1998). In the present study, by using ascorbic acid, low pH
value of the encapsulant solution is achieved which intensifies the formation of polyelectrolyte
complex coacervates, and in this case resulted with higher encapsulation efficiency of used
bioactives in those matrices. The non-significant difference of encapsulation efficiency of chitosan
reinforced with whey proteins indicates that no marked interactions or polyelectrolyte attractions
occured that improved the gel structure. This may be the consequence of repulsive forces between
positively charged biopolymers, while any electrostatic attractions were probably hindered by a high
polyanion concentration (TPP) used for crosslinking of that delivery system. Namely, the ionic
strenght of the biopolymer solution is an important factor affecting complex coacervation. At high
salt concentration, the net charge carried by the biopolymers is reduced by interaction with the ions,
resulting in a decrease of the electrostatic attraction between the macromolecules (Schmitt et al.,
1998). With regard to the morphological properties, spherical structure of all produced particles was
obtained, as indicated on Figure 2a-e, with minor differences between particles produced with
adjunct protein or chitosan biopolymers.

w T

Fig. 2. Optical microscopy images of a) plain alginate (A), b) alginate reinforced with whey
proteins (AWP), c) alginate reinforced with chitosan (AChit), d) plain chitosan (Chit) and e)
chitosan reinforced with whey proteins (ChitWP) hydrogel particles (enhancement 10x)
*small inserts on figures ¢, d and e display optical microscopy images of the surface
of corresponding particles taken at 40x enhancement
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Plain chitosan particles (Figure 2d) were however very fragile with poor mechanical strenght, which
can be seen as very thin border of the bead formulated by TPP crosslinking of chitosan solution.
Stabile and sufficiently rigid particles were obtained by reinforcement of chitosan with whey
proteins (Figure 2e), which produced less spherical particle structure and more smaller particles,
indicating on a non-homogenous and much wider particle size distribution. The fragile, poor
textural properties of TPP crosslinked chitosan particles have been well established (Shu and Zhu,
2002), which was previously resolved by reinforcement of chitosan with other biopolymers, such as
gelatin (Shu and Zhu, 2000) or alginate (Aral and Akbuga, 1998). Closer morphological surface
structure of the beads reinforced with whey proteins (both alginate and chitosan particles) and
chitosan revealed a more uneven surface, with prominent protrusions and smaller coagulates
occuring on the surface, indicating a potential interacted coagulates formed by the polyelectrolyte
carriers.

By taking into account the encapsulation efficiencies of both quercetin and ascorbic acid, no
significant differences between the encapsulation efficiencies of alginate- and chitosan-based
particles were observed. However, the release profiles of active compounds from the formulated
particles in simulated gastric and intestinal fluids (Figure 3a, b) revealed better delivery system
performance in case of using chitosan as the carrier biopolymer. Namely, the release patterns of
quercetin from the formulated particles (Figure 3a) did not differ markedly between alginate-based
and chitosan-based particles in the gastric conditions since almost no release of quercetine was
detected. This may be the consequence of interactions between quercetin and the delivery matrix
constituents or simply the inability to diffuse out of the particle due to poor water solubility.
Concerning the alginate particles, a rapid increase in the quercetin content is observable in the
intestinal conditions, due to disintegration of the particles caused by the presence of sequestrant ions
in the medium.

Since the release patterns of quercetin revealed no release occuring in the gastric and intestinal
media, the antioxidant capacity was determined as a measure of the activity of released antioxidant
compounds (quercetin and ascorbic acid). Figure 3b reveals that a fast burst-release occurs during
the first 10 minutes in simulated gastric conditions from all alginate-based particles. This effect is
attributed to the pronounced porosity of ionically crosslinked alginate gel and diffusion-driven
release of the active compounds into surrounding medium. The release from alginate-based particles
is further extended in simulated intestinal conditions until complete disintegration of the particles
caused by the presence of sequestrant ions in the medium. In case of chitosan particles, a slower but
still pronounced antioxidant capacity was observed in the presence of gastric medium, while the
release was continued further up to 4h in the intestinal conditions.

In case of chitosan-based particles, the rigid structure of particles was preserved, with no
disintegration of particles observed, indicating that chitosan particles may reach the colon and the
content of active compounds retained in the particles become available and active in that GI part.
This finding is similar to previous findings on release rates of polyphenolic antioxidants from
chitosan beads (Trifkovi¢ et al., 2014) and justifies the frequent previous use of chitosan particles as
colon-targeted delivery systems.
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Fig. 3. Release profile of a) quercetine and b) antioxidant capacity of formulated delivery systems
during the release experiments in simulated gastric (SGF) and intestinal fluids (SIF)
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Conclusions

Findings obtained in this study could facilitate the design of effective delivery systems for
encapsulation, protection, and release of bioactive flavonoids with potential to improve human
health or increase the shelf life of pharmaceutical or food products. The use of ascorbic acid in
combination with quercetin enables to enhance the antioxidant capacity and to intensify the protein-
polysaccharide polyelectrolyte attractions that contribute to better encapsulation efficiency. The
protein-polysaccharide complexes of alginate and chitosan with whey proteins are preferred over
the plain biopolymers as delivery systems of quercetin, as well as ascorbic acid. These particulate
systems may be suitable for their use in pharmaceutical and food applications and for the
development of functional foods in the near future.
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Sazetak

Aktivni ugljik uklonio je 47 % fenola i 38 % organske tvari, kora banane 23 % fenola i 0 %
organske tvari, a modificirana komina masline 15 % fenola i 13 % organske tvari unutar dva sata.
Micelijska zrnca Aspergillus niger i Stachybotrys sp. uklonili su 43 % i 19 % fenola, 42 % i 0 %
organske tvari te 38 % i 7 % boje vode. Adsorpcijski i biosorpcijski kapacitet aktivnog ugljika i
micelijskog zrnca Aspergillus niger prilikom adsorpcije i biosorpcije fenola i organske tvari iznosio
je 2,38 mg g*i 376 mg g*, odnosno 138 mg g i 3.206 mg g*. RavnoteZni parametri adsorpcije i
biosorpcije fenola i organske tvari izrazene kao KPK vrijednost na aktivni ugljik i micelijsko zrno
Aspergillus niger procijenjeni su usporedbom eksperimentalnih rezultata s teorijskim vrijednostima
dobivenim primjenom Langmuirovog i Freundlichovog modela. Najbolje slaganje dobiveno je
primjenom Langmuirovog modela prilikom adsorpcije fenola i organske tvari na aktivni ugljik te
podjednako slaganje Langmuira i Freundlicha prilikom biosorpcije na micelijska zrnca Aspergilus
niger.

Kljucne rijeci: otpadna voda iz procesa proizvodnje maslinovog ulja, fenoli, adsorpcija, biosorpcija,
Langmuirov i Freundlichov model

Uvod

Pocetkom ovog stolje¢a bogatstvo prirodnih resursa i o€uvanje okolisa privlaci sve vecu paznju
CovjeCanstva te svako ljudsko djelovanje nastoji obuhvatiti koncept odrzivog razvoja u svrhu
rjeSavanja ekoloskih i gospodarskih problema koji do sada nisu bili od velikoga znacaja. Zivi svijet
zasnovan je na vodi, koja je nezamjenjivo prirodno bogatstvo te obuhvaca veliki dio planeta Zemlje
(Tusar, 2004). Iako je nepresusan prirodni resurs, ipak se moze lokalno i regionalno iscrpiti. Stoga
je potrebno odrzavanje ravnoteze i sprjecavanje iscrpljivanja vode kao sustinskog elementa okolisa
(Jurac, 2009). U mediteranskom podneblju $iroko su rasprostranjeni nasadi maslina te prerada
plodova i proizvodnja gotovo najdragocjenijeg proizvoda - maslinovog ulja. U agroindustrijskom
procesu prerade maslina u svrhu proizvodnje maslinovog ulja nastaje otpadna voda koja je
karakterizirana visokim organskim optere¢enjem (vrijednost kemijske potrosnje kisika (KPK) u
rasponu od 47 - 178 g Ox/dm® (Morillo et al., 2009)) i visokom koncentracijom fenola (0,5-10,7
g/dm?® (Morillo i sur., 2009)), niskom pH - vrijednos¢u (pH = 4 - 5 (Akar i sur., 2009)), visokom
provodnoséu (5,50 — 10 dS m™ (Paredes i sur., 1997)), toksi¢na je i tamne boje.
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Otpadna voda iz proizvodnje maslinovog ulja sadrzi visoke koncentracije fenola koji su Stetni i
toksi¢ni, a njezino ispustanje u okoli$, bez prethodne obrade, moZe uzrokovati obojenje prirodnih
voda, promjene kvalitete tla te fitotoksi¢nost. Primjerice, pri ispustanju 10 % te vode bez prethodne
obrade, biljka Vicia faba je pokazala smanjenje mitotske aktivnosti, a pri ispustanje 20 % pokazuje
potpunu mitotsku neaktivnost (Achack i sur., 2009; El Hajjouji i sur., 2014). Ako se iz takve
otpadne vode ne uklone oneciS¢ujuce i/ili Stetne tvari i ispuste u okoli§, dolazi do narusavanja
prirodne ravnoteze Kisika. Zbog toga se iz otpadnih voda nastalih tijekom proizvodnje maslinovog
ulja (OVM) mora prije ispustanja u vodeni okoli§ odnosno u sustav javne odvodnje ukloniti
onecis¢ujuce i/ili Stetne tvari kako bi se zadovoljili izlazni fizikalno-kemijski pokazatelji prema
Pravilniku o grani¢nim vrijednostima emisija NN 80/13. Sukladno Pravilniku NN 80/13 grani¢ne
vrijednosti emisija fenola i vrijednosti KPK u otpadnim vodama prilikom ispustanja u sustav javne
odvodnje moraju iznositi 0,01 g/dm?, odnosno 0,7 g Oz/dm?®. Postoje razli¢iti na¢ini obrade vode
medu kojima su fizikalni (adsorpcija, biosorpcija), kemijski (kataliticka oksidacija) i bioloski
(biorazgradnja — kulturama kao $to su primjerice Phanerochaete chrysosporium (Mann i sur., 2008),
Pleurotus ostreatus (Mann i sur., 2008), Geotrichum candidum (Bleve i sur., 2011; Gracia i sur.,
2000), Candida spp. (Ben Sasi i sur., 2008), Trichosporon montevideens (Hui i sur., 2011) itd.).
Prilikom odabira nacina obrade treba uzeti u obzir niz faktora, odnosno vrstu oneciséujuce tvari i
medij u kojem oni opstaju (Briski i sur., 1994). Adsorpcija i biosorpcija se najée$¢e primjenjuju jer
su ekonomski prihvatljive tehnike, jednostavan je operacijski sustav te zbog dostupnosti i rasirenosti
sorbensa i moguénosti njihove regeneracije (Achak i sur., 2009; Gracia i sur., 2000; Lasaridi i sur.,
2010; Santi i sur., 2008).

U ovom radu provedena je obrada otpadne vode iz procesa proizvodnje maslinovog ulja porijeklom
iz sjevernog i juznog priobalja Republike Hrvatske adsorpcijom na aktivni ugljik, koru banane i na
modificiranu kominu masline te biosorpcijom na micelijska zrnca Aspergillus niger i Stachybotrys
sp. Svrha Sarznih adsorpcijskih i biosorpcijskih eksperimenata bila je ispitivanje ucinkovitosti
adsorbensa i biosorbensa za uklanjanje boje, fenola i ukupne organske tvari. Rezultati dobiveni
primjenom diskontinuiranog procesa omogucili su odabir adsorbensa i biosorbensa te su
primijenjeni za utvrdivanje ravnoteznih parametara diskontinuiranog adsorpcijskog procesa,
odnosno opisani su Langmuirovom i Frendlichovom izotermom. Ravnotezni parametri procijenjeni
su nelinearnom regresijom u programskom paketu Scientist.

Materijali i metode

Otpadna voda iz procesa proizvodnje maslinovog ulja (OVM)

Ispitivana otpadna voda, nastala kontinuiranim trostupanjskim procesom ekstrakcije maslinovog
ulja, porijeklom je iz uljara sjevernog i juznog priobalja Republike Hrvatske. Otpadna voda
pohranjena je u plasticnim spremnicima u zamrzivacu na temperaturi od -18 °C.

Adsorbensi

Adsorbensi koji su se koristili u eksperimentima su: aktivni ugljik (Silcarbon K835, Njemacka),
modificirana komina masline (Istra, Hrvatska) i kora banane (kucanski otpad). Veli¢ine Cestica
aktivnog ugljika, modificirane komine maslina i kore banane iznosile su 0,6 - 2,4 mm, 0,5 — 2 mm,
odnosno 2 — 5 mm. Aktivni ugljik je u svim pokusima prethodno opran u razrijedenoj klorovodiénoj
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kiselini i osuSen na 105 °C. Komina masline modificirana je stajanjem u kiselom mediju (m
(konc.H2S04)/m (komine) = 1/8) 48 sati te po zavrietku modifikacije isprana je s 1 mol dm™® NaOH
i deioniziranom vodom te osusena na 105 °C. Kora banane je isprana deioniziranom vodom te
osuSena na 105 °C.

Biosorbensi

Plijesni Aspergillus niger i Stachybotrys sp. izolirani su iz OVM, odrzavani su precjepljivanjem na
kosu hranjivu podlogu, sladni agar, i inkubirani su na 28 °C, 3-5 dana. 1z izoliranih ¢istih kultura
uzgojila su se micelijska zrnca u svrhu provodenja biosorpcije.

Hranjive podloge za uzgoj mikroorganizama

Za odredivanje ukupnog broja bakterija i gljiva (funga) priredivane su u Erlenmeyer tikvicama
hranjive podloge prema uputama proizvodaca (Biolife Manual, secondedition, Ingraf, Italija 1991.).
Hranjivi agar koristen je za uzgoj bakterija, a sladni (malt) agar za uzgoj gljiva.

Analiticki postupci

Fizikalno-kemijska analiza otpadne vode

Koncentracija suspendirane tvari odredivana je prema standardnoj metodi (APHA, 1999)
filtriranjem po 5 cm® uzorka otpadne vode kroz membranski filtar veli¢ine pora 0,45 pm koji je
potom osuSen na 105 °C do konstantne mase. Vrijednosti pH te elektri¢na vodljivosti odredene su
pH elektrodom odnosno konduktometrijskom ¢elijom Multi 340i WTW. Koncentracija fenola
odredivana je spektrofotometrijski pri valnoj duljini od 500 nm prema standardnoj metodi 4-
aminoantipyrin-om (APHA, 1999). Organsko opterecenje izrazeno kao kemijska potro$nja Kisika
(mg Oz dm™®) odredeno je spektrofotometrijski pri valnoj duljini od 670 nm prema standardnoj
metodi (APHA, 1999). Boja uzoraka otpadne vode odredivana je spektrofotometrijski pri valnoj
duljini od 400 nm.

MikrobioloSka analiza otpadne vode

Ukupan broj zivih stanica bakterija i gljiva (CFU; Colony Forming Units) odredivan je
nacjepljivanjem po 1 cm® dobro homogenizirane OVM, originalnog uzorka te odredenog
decimalnog razrjedenja, u Petrijeve zdjelice koje su zalivene hranjivim agarom odnosno sladnim
agarom. Petrijeve zdjelice inkubirane su pri 37 °C, 24 - 48 h, za bakterije, odnosno pri 28 °C, 3 - 5
dana, za gljive, a broj mikroorganizama odredivan je brojanjem izraslih kolonija i rezultat je izrazen
kao CFU cm®. Kolonije mikroorganizama (kvasci i plijesni) koje su izrasle na podlozi viSe puta su
precjepljivane tehnikom iscrpljivanja na sladni agar kako bi se dobila Cista kultura i zasebne
kolonije. Identifikacija kvasaca i plijesni provodila se koristenjem API stripa 20 C AUX, odnosno
mikroskopiranjem pod povec¢anjem od 400 x i pregledom morfoloskih znadajki.

Postupci provedenih ispitivanja

Talozenje i filtracija onecis¢ujucih tvari iz OVM

Uklanjanje suspendiranih tvari OVM provelo se postupcima talozenja i filtracije. TaloZenje se
provelo u Immhofov-om lijevku ukupnog volumena 1 dm?. Bistri dio se dekantirao i filtrirao kroz
naborani filtar papir veli¢ine pora od 12 — 14 um. Dobiveni filtrat koristio se u daljnjim
ispitivanjima.
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Adsorpcija fenola i organskih tvari iz OVM na razlicite adsorbense

Adsorpcija fenola i organskih tvari iz OVM-a na odabranim adsorbensima, aktivni ugljik,
modificirana komina masline i kora banane, ispitana je u diskontinuiranim uvjetima rada, pokus P1.
Masa adsorbensa iznosila je 0,5 g, a volumen otpadne vode 50 cm?®. Pokusi, P1-I, P1-1l i P1-1ll,
provedeni su na termostatiranoj rotacijskoj tresilici pri 25 °C i brzini okretaja 180 o min! tijekom
24 sata (tablica 1.). U odredenom vremenskom intervalu iz tikvica izuzimani su odredeni alikvoti,
filtrirani kroz Sartorious membranski filtar (pore 0,45 pm) te su spektrofotometrijski pracene
koncentracije fenola te KPK vrijednosti.

Tablica 1. Pocetne vrijednosti za pokus P1
Table 1. The initial values of experiment P1

POKUS P1

P1-1 P1-11 P1-111
Adsorbens Aktivni ugljik Modlflg;e;ﬂ?]:omlna Kora banane
pH/- 5,50 3,04 5,71
2/ mScm? 2,79
yo (fenoli) / mg dm-3 57
yo (KPK - vrijednost) /
mg Oz dm 7.977

Adsorpcija fenola i organskih tvari na aktivni ugljik pri razlicitim pocetnim koncentracijama fenola
i KPK vrijednosti

U pokusu P2 provedena je adsorpcija fenola i organskih tvari na aktivni ugljik pri razli¢itim
pocetnim koncentracijama OVM u diskontinuiranim uvjetima rada. Masa aktivnog ugljika iznosila
je 5 g, a volumen otpadne vode 100 cmq. Pokusi, P2-1, P2-11, P2-111, P2-1V, P2-V i P2-VI, provedeni
su na termostatiranoj rotacijskoj tresilici pri 25 °C i brzini okretaja 180 o min? tijekom 7 sati
(tablica 2.). U odredenom vremenskom intervalu iz tikvica izuzimani su odredeni alikvoti, filtrirani
kroz Sartorious membranski filtar (pore 0,45 um) te su spektrofotometrijski pracene koncentracije
fenola te KPK vrijednosti.

Tablica 2. Pocetne vrijednosti za pokus P2
Table 2. The initial values of experiment P2

POKUS P2
P2-1 P2-11 P2-111 P2-1V P2-V P2-VI
pH /- 6,94 5,80 5,54 5,45 4,93 4,78
A/ mscm? 1,48 3,80 7,25 5,50 8,82 11,96
yo (fenoli) / mg dm? 22 34 59 80 189 238
yo (KPK - vrijednost) /| 4 415 8.130 13.939 18.740 28.135 | 35.955
mg Oz dm
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Uzgajanje micelijskih zrnaca plijesni Aspergillus niger i Stachybotrys sp.

Iz izoliranih i ¢istih kultura plijesni, Aspergillus niger i Stachybotrys sp, iz OVM uzgojila su se
micelijska zrnca u svrhu provodenja biosorpcije. Podloga za uzgoj micelijskih zrnaca plijesni
priredena je otapanjem 140 g saharoze, 2,50 g KH,PO,, 0,25 g MgSQO,4 x 7H,0, 2,50 g NH4sNO3 u
litri demineralizirane vodi u koju je dodano 1 cm?® prethodno priredenih otopina CuSO4 X 5H,0
(0,024 g / 100 cm® demineralizirane vode), ZnSO, x 7H,O (0,110 g / 100 cm® demineralizirane
vode) te FeClz x 6H,0 (0,200 g / 100 cm?® demineralizirane vode). Priredene podloge volumena 100
cm?® pipetirane su u Erlenmeyer tikvice i sterilizirane 30 minuta pri 0,5 atp i 110 °C. U sljedeéem
koraku pripravljena je suspenzija spora plijesni, a broj spora odredio se pomoc¢u Thomine komorice,
koji je iznosio 2,6 x 10° st cm=. U prethodno priredenu podlogu inokulirano je 1 cm® dobro
homogenizirane suspenzije spora. Erlenmeyer tikvice u kojima je bila podloga s inokuliranim
sporama plijesni postavljene su na termostatiranu rotacijsku tresilicu pri 160 o min, tijekom 24 -
48 sati.

Biosorpcija fenola i organskih tvari iz OVM na micelijska zrnca Aspergillus niger i Stachybotrys sp.
U pokusu P3 provedena je biosorpcija fenola i organskih tvari iz OVM na prethodno uzgojena
micelijska zrnca Aspergillus niger i Stachybotrys sp.u diskontinuiranim uvjetima rada. Masa
biosorbensa iznosila je 1 gyr (vlazna tvar), odnosno 0,0269 gst (suha tvar) za Aspergillus niger i
0,0686 gsr (suha tvar) za Stachybotrys sp., a volumen otpadne vode 100 cm®. Veli¢ina peleta kulture
Aspergillus niger bila je od 4 — 7 mm, a Stachybotrys sp.< 2 mm. Pokusi, P3-1 i P3-11, provedeni su
na termostatiranoj rotacijskoj tresilici pri 25 °C i brzini okretaja 180 o min™* tijekom 3 sata (tablica
3). U odredenom vremenskom intervalu iz tikvica izuzimani su odredeni alikvoti primjenjujuéi
sterilnu tehniku rada, filtrirani kroz Sartorious membranski filtar (pore 0,45 pm) te je
spektrofotometrijski pracena boja te koncentracije fenola i KPK vrijednosti.

Tablica 3. Pocetne vrijednosti za pokus P3
Table 3. The initial values of experiment P3

POKUS P3
P3-1 P3-11
Biosorbens Aspergillus niger Stachybotrys sp.
pH/- 5,09
Boja/ - 1,45
yo (fenoli) / mg dm-3 51
mél(()z};mgruednost) / 6.638

Biosorpcija fenola i organskih tvari na micelijska zrnca Aspergillus niger pri razlicitim pocetnim
koncentracijama fenola i KPK vrijednosti
U pokusu P4 provedena je biosorpcija i biorazgradnja fenola i organskih tvari iz OVM, pri
razli¢itim pocetnim koncentracijama OVM na micelijska zrnca Aspergillus niger u diskontinuiranim
uvjetima rada. Masa biosorbensa iznosila je 2 gyt odnosno 0,0538 gsr, veli¢ine peleta 5 — 7 mm, a
volumen otpadne vode iznosio je 200 cmq.
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Pokusi, P4-I, P4-11 i P4-I11, provedeni su na termostatiranoj rotacijskoj tresilici pri 25 °C i brzini
okretaja 180 o min? tijekom 72 sata (tablica 4). U odredenom vremenskom intervalu iz tikvica
izuzimani su odredeni alikvoti primjenjujuc¢i sterilnu tehniku rada, filtrirani kroz Sartorious
membranski filtar (pore 0,45 pm) te je spektrofotometrijski prac¢ena boja te koncentracije fenola i
KPK vrijednosti.

Tablica 4. Pocetne vrijednosti za pokus P4
Table 4. The initial values of experiment P4

POKUS P4
P41 P41l P4-11I
pH /- 4,66 4,69 4,94
Abs (boja) / - 0,33 0,69 0,61
yo (fenoli) / mg dm-3 13 15 25
’r’gé*éiﬁr;]f”ednosn / 1.380 1.868 2574

Rezultati i rasprava

Fizikalno-kemijska i mikrobioloska karakterizacija OVM

Prije samog postavljanja pokusa adsorpcije i biosorpcije provedena je fizikalno-kemijska
karakterizacija OVM. Prema literaturi (Morillo i sur., 2009; Paredes i sur., 1997) te iz tablice 5.
moze se vidjeti da OVM Kkarakterizira niska pH vrijednost, visoka elektri¢na vodljivost, visoka
koncentracija suspendiranih tvari, KPK vrijednosti i fenola. Svi ti pokazatelji ukazuju da je OVM
izrazito opterecena organskom tvari i da se kao takva ne smije ispustiti u sustav javne odvodnje.

Tablica 5. Fizikalno kemijska karakterizacija OVM
Table 5. Physical and chemical characteristics of OVM

H/- Al y (fenoli) / y (KPK - vrijednost) / y (suspendirane tvari) /
P mS cm? mg dm mg Oz dm3 gdm
4,94 11,54 370 62.640 12,55

Mikrobiolo§kom analizom utvrden je ukupan broj bakterija i gljiva koji je iznosio 4,2 x 10% st cm™
odnosno 1,9 x 107 st cm®, od toga je 1,56 x 107 st cm? kvasaca, a 3,4 x 10° st cm™ plijesni.
Navedeni rezultati ukazuju da je OVM dobar medij za rast gljiva, odnosno plijesni i kvasca, zbog
niske pH vrijednost OVM (tablica 5.) §to pogoduje aktivnosti kvasaca i plijesni (Dabrovski, 2001;
Gracia i sur., 2000). Nadalje, otpadne vode iz proizvodnje maslinovog ulja sadrze Seéere koji
pogoduju rastu gljiva, jer su otpornije na osmotski tlak od bakterija, pa mogu rasti u okoliSu s
velikom koncentracijom Secera (Paredes i sur., 1997). Kulture iz OVM koje su izrasle na sladnom
agaru i koje prevladavaju (dvije plijesni i dva kvasca) izolirane su i podvrgnute daljnjoj
identifikaciji kako bi se utvrdilo o kojem se kvascu odnosno plijesni radi. Kvasci su identificirani
API stripom te ocitavanjem biokemijskog profila API stripa utvrdeno je kako se radi o kulturama
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Cryptococcus neoformans (95 % uspjes$na identifikacija) te Candida guilliermondi (98 % uspjesna
identifikacija). Kultura Cryptococcus neoformans na hranjivoj podlozi tvori kolonije mlije¢no bijele
boje okruglog oblika, nepravilnog ruba i ispupéenog rasta. Kultura Candida guilliermondii na
hranjivoj podlozi takoder tvori kolonije mlije¢no bijele boje, sluzave i sjajne povrsine te okruglog
do jajolikog oblika. Karakteristika ove kulture je da tvori pseudo-hife.

Mikroskopskim pregledom i utvrdivanjem morfoloskih karakteristika izolirane kulture plijesni su
Aspergillus niger i Stachybotrys sp. (SI. 1). Aspergillus niger je najpoznatija vrsta plijesni iz roda
Aspergillus. Osnovna morfolo$ka karakteristika je neseptirana hifa i glavica iz koje zrakasto rastu
miceliji na kojima se nalaze spore crne boje. Stachybotrys sp. karakterizira plavkasto zelenkasta
boja te konidiofori koji tvore metule na kojima se nalaze sterigme i lanci konidiospora (Durakovi¢,
1996). Identificirane kulture kvasaca i plijesni su prema literaturi identificirane u OVM i u drugim
istrazivanjima (Fadil i sur., 2003; Lasaridi i sur., 2010).

(@) ®)
Slika 1. Mikrofotografija stanica Aspergillus niger (a) i Stachybotrys sp.(b), P = 400x
Fig. 1. Microphotography of cultures Aspergillus niger (a) i Stachybotrys sp.(b), P = 400x

Postupci provedenih ispitivanja

Kako bi se uklonile suspendirane tvari iz OVM, provedeni su postupci talozenja i filtracije (Al-
Farraj i sur., 2013; Azzam i sur., 2010), a rezultati su prikazani u tablici 6. Iz tablice 5. vidljivo je
kako je koncentracija suspendiranih tvari vrlo visoka i iznosi 12,55 g dm, a nakon provedenog
postupka taloZenja koncentracija se smanjila na 1,46 g dm, odnosno za 88,37 %. Nadalje,
koncentracija fenola se smanjila za 28,38 %, a KPK vrijednost za 27,60 %.

Tablica 6. Fizikalno-kemijska karakterizacija OVM nakon predobrade OVM
Table 6. Physical and chemical characteristics of OVM after pretreatment

Postupci y (KPK - vrijednost) / y (fenoli) / y (suspendirane il
predobrade 3 % : 3 | PH/- 1
OVM mg Oz dm mg dm tvari) /g dm mS cm
TaloZenje 45.350 265 1,46 5,03 11,54
Filtracija 36.780 260 0,66 5,15
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Postupak filtracije rezultirao je dodatnim uklanjanjem suspendirane tvari sa 1,46 g dm=na 0,66 g
dm3, odnosno za 54,79 %. Koncentracija fenola nije se zna¢ajno promijenila nakon filtracije u
odnosu na taloZenje, dok KPK vrijednost se smanjila sa 45.350 mg O, dm na 36.780 mg O, dm3,
odnosno za 18,90 %. Provedena je adsorpcija fenola i organske tvari izrazene kao KPK vrijednost iz
OVM na razli¢ite adsorbense, aktivni ugljik (P1-1), modificiranu kominu masline (P1-I1) i koru
banane (P1-III). Promjena koncentracije fenola i KPK vrijednosti pracena je 24 sata. Iz slike 2
vidljivo je kako aktivni ugljik ucinkovito uklanja fenole, 47 %, dok kora banane 23 %, a
modificirana komina masline manje od 15 %. Prema istrazivanju Achack i sur. (2009) kora banane
adsorbirala je 34 % fenola iz OVM nakon 24 sata. Nadalje, prema nekim istrazivanjima komina
masline 1 modificirana komina masline u¢inkovito uklanjaju fenole, dok prema nekima komina
masline ne uklanja nego otpusta fenole koje sadrzi (Stasinakis i sur., 2008). Prema istrazivanju
Stasinakisa i sur. (2008)modificirana komina masline, pri masi od 1 g dm adsorbensa, uklanja oko
18 % fenola iz OVM. Takoder, iz SI. 2 moze se vidjeti da se vrijednost KPK smanjila za 37,5 %
primjenom aktivnog ugljika, odnosno za 12,5 % primjenom modificirane komine maslina.
Vrijednost KPK se nije smanjivala tijekom vremena s obzirom na poéetnu koncentraciju prilikom
adsorpcije na koru banane, ve¢ je neznatno porasla zbog otapanja nekih organskih tvari koje su
prisutne u i na kori banane, npr. pesticidi, §to je u skladu s drugim istrazivanjima (Achack i sur.,
2009). U pokusu P2 ispitivana je adsorpcija fenola i organske tvari izrazene kao KPK vrijednost iz
OVM na aktivni ugljik pri razli¢itim pocetnim koncentracijama fenola i organske tvari (P2-1 do P2-
VI). U SI. 3 (a) i (b) prikazan je utjecaj trajanja procesa na adsorpciju fenola i organske tvari
izrazene kao KPK vrijednost na aktivni ugljik. U prvih 30 min se adsorbirala najveca koncentracija
fenola (oko 50 %) i organske tvari (oko 30 %) na aktivni ugljik u pokusima P2-V i P2-VI. U
pokusima P2-1 do P2-1V koncentracija fenola se smanjivala prvih 240 minuta te se do kraja procesa
nije mijenjala, dok KPK vrijednost se ustalila nakon 60 minuta. Adsorpcija je na pocetku procesa
bila izrazena zbog velikog broja slobodnih adsorpcijskih mjesta na povrsini adsorbensa (Oztiirk i
sur., 2005) te se s vremenom usporavala.
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Slika 2. Postotak uklonjenih fenola i ukupnog organskog opterecenja izrazenog preko KPK
vrijednosti u pokusu P1 nakon 120 minuta (m=0,5¢g, V =50 cm®, T =25°C i 180 o min™)
Fig. 2. Percentage of removed phenols and organic matter in experiment P1 after 120 minutes
(m=0,5g,V=50cm? T=25°Ci 180 0omin?)
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Uspostavljanje adsorpcijske ravnoteze fenola 1 organske tvari analizirano je primjenom
Freundlichovog i Langmuirovog modela u ispitivanom koncentracijskom podru¢ju od 20 do 240 mg
dm?3, odnosno od 4.000 do 36.000 mg dm=3. Vrijednosti, Ke, Ki, N, gmax i R? za aktivni ugljik
prilikom adsorpcije fenola i organske tvari dane su u tablici 7. Parametri Langmuirove i
Freundlichove izoterme procijenjeni su nelinearnom regresijom metodom najmanjih kvadrata u
programskom paketu Scientist. 1z dobivenih rezultata vidljivo je da se eksperimentalni rezultati
(fenoli i KPK vrijednost) nesto loSije slazu s podacima izracunatim na temelju Freundlichovog
modela, u odnosu na Langmuirov model, a na to ukazuje i izraunata R? vrijednost (tablica 7.)
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Slika 3. Promjena koncentracije fenola (a) i KPK vrijednosti (b) tijekom sedam sati u pokusu P2
(m=5g,V=100cm? T=25°Ci180 0o min)
Fig. 3. The change of concentration of phenols (a) and COD (b) during seven hours
in experiment P2 (m=5g, V=100 cm3, T=25°C i 180 o min™)
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Tablica 7. Vrijednosti adsorpcijskih konstanta dobivenih iz Langmuirove i Freundlichove izoterme
pri adsorpciji fenola i organske tvari izraZzene kao KPK vrijednost na aktivni ugljik

Table 7. Langmuir and Freundlich isotherm constants for adsorption of phenols and organic matter
expressed as COD on activated carbon)

OneciSéujuca tvar

Adsorpcijska Parametri 3 Organska tvar
izoterma Fenol (mg dm") (KPK vrijednost / mg O2 dm™3)
Langmuir gmax / Mg g* 2,338 376,140

KL/ dmémg?! 0,052 1,866 -10°°

R?/ - 0,855 0,862
Freundlich Kr /- 0,0328 0,018

n/- 1,379 1,468

R?/ - 0,799 0,848

Prema postupku opisanom u materijalima i metodama uzgojena su micelijska zrnca kultura plijesni
Aspergillus niger i Stachybotrys sp. izoliranih iz OVM. Promjer uzgojenih micelijskih zrnaca
Aspergillus niger iznosio je 4 — 7 mm, a Stachybotrys sp. < 2 mm (SI. 4). Vrijeme potrebno za uzgoj
micelijskih zrnaca jedan je od znadajnih ¢imbenika koji odreduje njihovu veli¢inu, odnosno §to se
duze uzgajaju to su veci. Prema literaturi promjeri micelijskih zrnaca pribliznih vrijednosti pokazali
su dobru biosorpciju fenola i ostalih one¢is¢ujucih tvari (Briski i sur., 1994; Fura¢ i sur., 1994;
Petrovic¢ i sur., 1993).

(@ ®

Slika 4. Uzgojena micelijska zrnca kultura Aspergillus niger (a) i Stachybotrys sp. (b)
Fig. 4. The grown pellets of Aspergillus niger () i Stachybotrys sp. (b)

U pokusu P3 ispitana je biosorpcija fenola, organskih tvari izrazene kao KPK vrijednost te boje iz
OVM na micelijska zrnca Aspergillus niger (P3-1) i Stachybotrys sp. (P3-11). Micelijska zrnca
Aspergillus niger uklanjaju 41 % vise fenola nego micelijska zrnca Stachybotrys sp. (Sl. 5).
Micelijska zrnca Stachybotrys sp. (P3-11) ne uklanjaju organske tvari za razliku od micelijskih zrnca
Aspergillus niger (P3-I).
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Micelijska zrnca Aspergillus niger pokazuju smanjenje KPK vrijednosti za 13 % tijekom 60 minuta,
a izraziti pad koncentracije od 34 % uocava se u vremenu od 90-te do 180-te minute. Promjena
apsorbance boje u uzorku OVM prikazana je u SI. 5, a u Sl. 6 usporedba micelijskih zrnaca
Aspergillus niger prije i nakon procesa biosorpcije. Vidljivo je kako micelijska zrnca Aspergillus
niger i Stachybotrys sp. biosorbiraju boju te je ukupno uklonjeno 38 % odnosno 7 % boje.
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Slika 5. Postotak uklonjenih fenola, ukupnog organskog opterecenja izrazenog preko KPK
vrijednosti i boje nakon 180 minuta u pokusu P3
(m (vlazne tvari) =1 g, V = 100 cm3, T =25 °C i 180 o min?)
Fig. 5. Percentage of removed phenols and organic matter in experiment P3 after 180 minutes
(m=059,V=50cm? T=25°Cil800min?)

Slika 6. Micelijska zrnca -a prije (a) i nakon (b) procesa biosorpcije
Fig. 6. Pellets of Aspergillus niger before (a) and after (b) biosorption
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U pokusu P4 ispitana je biosorpcija fenola i organskih tvari izrazene kao KPK vrijednost iz OVM
na micelijska zrnca Aspergillus niger pri razli¢itim poéetnim koncentracijama fenola i organske
tvari (P4-1, P4-11 i P4-III) tijekom 72 sata. Uspostavljanje biosorpcijske ravnoteze fenola i organske
tvari za micelijska zrnca Aspergillus niger analizirano je primjenom Freundlichovog i
Langmuirovog modela u ispitivanom koncentracijskom podru¢ju od 13 do 51 mg dm, odnosno od
1.000 do 6.500 mg dm (tablica 8). Dobiveni rezultati ukazuju na gotovo jednako slaganje s
Freundlichovim i Langmuirovim modelom, $to potvrduje i izra¢unata R? vrijednost. Maksimalni
biosorpcijski kapacitet za micelijska zrnca Aspergillus niger prilikom biosorpcije fenola odnosno
organske tvari iznosio je 138 mg g* odnosno 3.206 mg g*.

Tablica 8. Vrijednosti adsorpcijskih konstanta dobivenih iz Langmuirove i Freundlichove izoterme
pri biosorpciji fenola i organske tvari izrazene kao KPK vrijednost na micelijska zrnca Aspergillus
niger

Table 8. Langmuir and Freundlich isotherm constants for biosorption of phenols and organic matter
expressed as COD on pellets of Aspergillus niger)

Onecdiséujuéa tvar

Adsorpcijska Parametri i} Organska tvar
izoterma Fenol (mg dm) (KPK vrijednost / mg O2 dm®)
Langmuir Qmax / mg gt 138,310 3.206,031

KL/ dm3mg? 2,796-1072 3,456-103

R?/ - 0,997 0,981
Freundlich Kr/- 3,461 0,970

n/- 1,500 1,451

R?/ - 0,999 0,988

Na Sl 7. prikazana je usporedba micelijskih zrnaca prije i nakon procesa biosorpcije. 1z slike se
moze vidjeti da su peleti nakon biosorpcije tamniji $to ukazuje na sorbiranu boju iz OVM.

@ ®)

Slika 7. Mikrofotografija micelijskog zrna Aspergillus niger prije (a) i
nakon (b) procesa biosorpcije
Fig. 7. Microphotography of pellets of Aspergillus niger before (a) and after (b) biosorption
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Zakljucci

Otpadna voda nastala tijekom proizvodnje maslinovog ulja (OVM) je jako optereéena organskim
tvarima, fenolima, ima nisku pH vrijednost i visoku vodljivost te je obojana i kao takva se ne smije
ispustiti u vodeni okoli§. U cilju uklanjanja one¢i§¢ujucih tvari i/ili $tetnih i toksi¢nih tvari iz
otpadne vode provela se remedijacija OVM postupcima adsorpcije i biosorpcije. Na temelju
provedenih eksperimenta mogu se izvesti sljedeéi zakljuccei:

(1) Predobradom OVM postupcima talozenja i filtracije suspendirana tvar, fenoli i KPK vrijednost
su se smanjili za 95 %, 28 % odnosno za 41 %.

(2) Rezultati istraZivanja procesa adsorpcije u diskontinuiranim uvjetima rada pokazuju da je aktivni
ugljik uklonio 58 % fenola i 24 % organske tvari, kora banane 40 % fenola i 0 % organske tvari, a
modificirana komina masline 23 % fenola i 13 % organske tvari unutar 24 sata. Odredivanje
parametara ravnotezne adsorpcije fenola i organske tvari izraZzene kao KPK vrijednost na aktivni
ugljik provedeno je usporedbom eksperimentalnih rezultata s teorijskim vrijednostima dobivenim
primjenom Langmuirovog i Freundlichovog modela. Najbolje slaganje dobiveno je primjenom
Langmuirovog modela. Adsorpcijski kapacitet aktivnog ugljika prilikom adsorpcije fenola i
organske tvari iznosio je 2,38 mg g odnosno 376 mg g*.

(3) Rezultati istrazivanja procesa biosorpcije u diskontinuiranim uvjetima rada pokazuju da su
micelijska zrnca Aspergillus niger uklonili 43 % fenola, 42 % organske tvari i 38 % boje, a
Stachybotrys sp. 19 % fenola, 0 % organske tvari i 7 % boje. Odredivanje parametara ravnotezne
biosorpcije fenola i organske tvari izrazene kao KPK vrijednost na micelijska zrca Aspergillus
niger provedeno je usporedbom eksperimentalnih rezultata s teorijskim vrijednostima dobivenim
primjenom Langmuirovog i Freundlichovog modela koji podjednako dobro opisuju proces
biosorpcije. Biosorpcijski kapacitet micelijskog zrnca Aspergillus niger prilikom biosorpcije fenola
i organske tvari iznosio je 138 mg g odnosno 3206 mg g*.
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Summary

The activated carbon has removed 47 % of phenols and 38 % of organic load; bananas peel 23 % of
phenols and 0 % of organic load and modified olive pomace 15 % of phenols and 13 % of the
organic load within 2 hours. The fungal pellets of Aspergillus niger and Stachybotrys sp. have
removed 43 % and 19 % of phenols, 42 % and 0 % of organic load and 38 % and 7 % of colour,
respectively. The adsorption and biosorption capacity of the activated carbon and fungal pellets of
Aspergillus niger during the adsorption and biosorption of phenols and organic load was 2,38 mg g*
and 376 mg g, 138 mg g* and 3.206 mg g%, respectively. The equilibrium modelling parameters of
phenols and organic load (COD) on the activated carbon and on fungal pellets of Aspergillus niger
were evaluated by comparison of experimental results and theoretical values of the Langmuir and
Freundlich isotherm models. The equilibrium data were best represented by the Langmuir isotherm
model during the adsorption of phenols and organic load on the activated carbon and the same value
of regression coefficient was obtained for Langmuir and Freundlich isotherm model during
biosorption on fungal pellets of Aspergillus niger.

Keywords: olive mill wastewater (OMW), phenols, adsorption, biosorption, Langmuir and
Freundlich isotherm models
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lzvorni znanstveni rad

Denitrifikacija: U¢inak omjera C/N
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Sazetak

Istrazena je denitrifikacija 35+2 mg NO3z-N/L i 80+£2 mg NOs-N/L uz natrijev acetat kao izvor
ugljika pri omjeru C/N 2, 3, i 4. Za potpunu denitrifikaciju minimalni potreban omjer je C/N 3.
Odredena je specifi¢na brzina denitrifikacije i koli¢ina KPK potrebna za redukciju NOs-N (mg
KPK/mg NO3-N). U denitrifikaciji 35+2 mg NO3-N/L omjer AKPK/ANOs-N je iznosio 5,8 (pri C/N
3) i 6,4 (pri C/N 4), a u denitrifikaciji 80+2 mg NO3-N/L omjer AKPK/ANOs-N je iznosio 6,9 (pri
C/N 3) 17,9 (pri C/N 4). Brzina denitrifikacije 35+2 mg NO3z-N/L pri omjerima C/N 3 i 4 iznosi 64
mg NOs3-N/Lh, a brzina denitrifikacije 80+2 mg NOs-N/L pri omjerima C/N 3 i 4 iznosi 44,7 mg
NOs-N/Lh i 51,9 mg NOs-N/Lh. Denitrifikacija sa limitiranim raspolozivim ugljikom — elektron
donorom, pri C/N 2, rezultira nepotpunom redukcijom NOs-N, postignuta je 58,5% i 55% redukcija
NO3-N sa dodanim vanjskim izvorom ugljika u denitrifikaciji 3542 mg NO3-N/L odnosno 8042 mg
NOs-N/L. Denitrifikacija NOs-N je provedena s aktivnim muljem prilagodenim za proces
denitrifikacije. U aktivnom mulju je primjenom FISH (fluorescence in situ hybridization) metode
dokazano prisustvo denitrifikanata.

Kljucne rijeci: denitrifikacija, acetat, omjer C/N
Uvod

Spojevi s dusikom, amonijak (NHz-N), nitrat (NOs-N) i nitrit (NO2-N), kada dospiju u okoli§
uzrokuju eutrofikaciju vodnih tijela, onecis¢enje podzemnih voda, pridonose emisiji stakleni¢kih
plinova i predstavljaju opasnost za zdravlje ljudi. Iz tog razloga, i sve strozih zakonskih regulativa
(NN 03/2016;NN 080/2013), uc¢inkovito uklanjanje N iz otpadne vode je jedan od prioriteta u
istrazivanju bioloske obrade otpadnih voda (Xu i sur., 2011; Fernandez -Nava i sur., 2010). Bioloski
procesi koji se uobi¢ajeno koriste za uklanjanje N iz otpadne vode su nitrifikacija i denitrifikacija.
Nitrifikacija je autotrofan aeroban proces u kojem se NHi-N prevodi u NOs-N. Denitrifikacija je
anoksi¢an proces u kojem heterotrofni denitrifikanti reduciraju NOs-N do plinovitog dusika, uz
organske sastojke kao donore elektrona, koje koriste i za stani¢ni rast (Pan i sur., 2012; Bernat i
Wojnowska-Baryla, 2007). Denitrifikacija se odvija u Cetiri koraka: NOs-N se prevodi u NO2-N
pomocu enzima nitrat reduktaze, NO2-N u NO pomocu nitrit reduktaze, NO u N,O pomoc¢u dusik
(11) oksid reduktaze i N2O u plinoviti N, pomoc¢u dusik (I) oksid reduktaze (Pan i sur., 2012).
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Organski sastojci koji mogu posluziti kao donori elektrona su biorazgradivi organski sastojci
izrazeni kao KPK (Kemijska Potro$nja Kisika) otpadne vode, biorazgradivi KPK proizveden
tijekom endogene respiracije i vanjski izvor ugljika (Srinandan i sur., 2012; Bernat i Wojnowska-
Baryla, 2007; Constantin i Fick, 1997). Kada u otpadnoj vodi nema dovoljno biorazgradivih
organskih sastojaka za denitrifikaciju, poput otpadnih voda niskog omjera KPK/N, ili kada su
organski sastojci (KPK) uklonjeni iz otpadne vode u ranijim stupnjevima obrade, nuzno je dodati
vanjski izvor ugljika. U literaturi se kao povoljni izvori ugljika navode acetat, etanol, metanol,
metan, glukoza, valerat, propionat i butirat (Hagman i sur., 2008). U endogenoj denitrifikaciji
ucinkovitost je niska zbog ograni¢ene koli¢ine ugljika iz endogenog metabolizma (Tam i sur., 1992;
Abufayed i Schroeder, 1986).

U anoksiénim uvjetima, ako nema rasta stanica, teoretska potreba za redukciju 1 mg NOs-N iznosi
2,86 mg KPK (Henze, 1991), medutim u praksi je za redukciju 1 mg NOs-N potrebno minimalno
3,5-4,5 mg KPK, a istraZivanja ukazuju da je za u¢inkovitu denitrifikaciju potrebno 3-7 mg KPK/mg
N. Ucinkovitost denitrifikacije se povetava s porastom omjera C/N, dok previsok omjer C/N
uzrokuje inhibiciju aktivnhog mulja. Stoga je vazno definirati omjer C/N pri kojem se postize
maksimalna u¢inkovitost, i da odgovara zahtjevima procesa (Her i Huang, 1995).

Brojna istrazivanja o vanjskom izvoru ugljika kao elektron donoru za denitifikaciju pokazuju da se
sa acetatom postize najveca brzina denitrifikacije (Elefsiniotis i Wareham, 2007; Lee i Welander,
1996), jer acetat kao lako biorazgradivi izvor ugljika denitrifikanti izravno ugraduju u Krebsov
ciklus. Tijekom denitrifikacije Cesto se nakuplja NO2-N, a na akumulaciju utje¢u vrsta izvora
ugljika, omjer C/N, pH, i najviSe sastav denitrificiraju¢e zajednice u aktivnom mulju (Ge i sur.,
2012; Oh i Silverstein, 1999; Glass i Silverstein, 1998). U istrazivanju denitrifikacije uz acetat,
glukozu, metanol i etanol kao vanjskih izvora ugljika pri omjeru C/N 2,5 (Srinandan i sur., 2012),
primjenom acetata i glukoze je zabiljeZzena gotovo 100% redukcija NOs-N, a sa metanolom i
etanolom redukcija NOs-N je izosila 72%, odnosno 61%. Takoder, rezultati su pokazali da je sa
acetatom kao izvorom ugljika akumulacija NO,-N neznatna u usporedbi s drugim izvorima ugljika.
Constantin i Fick (1997) su istrazivali denitrifikaciju sa acetatom i etanolom kao izvorom ugljika i
pokazali da se sa acetatom postize veca specificna brzina denitrifikacije. Brian i sur. (2007) u
pokusima denitrifikacije sa acetatom, metanolom i iskoriStenom hranjivom podlogom kao izvorom
ugljika su postigli najvecu brzinu denitrifikacije sa acetatom kao donorom elektrona.

Buduéi da N igra veliku ulogu u mnogim ekosustavima, kao limitiraju¢i nutrijent, od velike je
vaznosti razumijevanje denitrifikacije i ¢imbenika koji utjecu na proces denitrifikacije (Rabalais,
2002; Vitousek i Howarth, 1991). Kako je denitrifikacija istrazena na ograni¢enom broju
organizama, neophodno je poznavanje aktivnosti, strukture i brojnosti denitrifikanata prisutnih u
mulju da bi se postiglo u¢inkovito uklanjanje NO.-N i NOs-N iz otpadne vode (Shapleigh, 2006).
Fluorescencija in situ hibridizacija (FISH) je molekularna metoda, neovisha o kultivaciji, koja se
Cesto primjenjuje za izravnu kvantifikaciju i identifikaciju ciljanih skupina mikroorganizama u
okoli$nim ili laboratorijskim uzorcima. FISH metoda se Cesto koristi za analizu aktivhog mulja iz
razloga $to se veéina stanica mogu lako detektirati pomoéu univerzalnih proba (Amann, 1995).
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Materijali i metode

Mikroorganizmi i supstrat

Aktivni mulj porijeklom iz postrojenja za biolosku obradu otpadnih voda grada Velika Gorica, koji
je u laboratorijskim uvjetima aklimatiziran na uklanjanje N iz otpadne vode uzastopnim pokusima
nitrifikacije i denitrifikacije, uporabljen je u ovom istrazivanju. KoriStena je sintetska otpadna voda,
priredena otapanjem soli (sve soli proizvod tvrtke Merck, Njemacka) u vodovodnoj vodi: 2 g/L
(NH4)2SOq; 1 g/L KH2PO4; 0,4 g/L FeSOg; 0,5 g/L MgSOy4; 0,4 g/L NaCl; 1 g/L MgCOs, 1 g/L
CaCQOs, koja je nakon stajanja 24 h na sobnoj temperaturi filtrirana kroz filter papir veli¢ine pora
0,45 um. Kao izvor ugljika kori§ten je bezvodni natrijev acetat (NaC,HsO-), proizvod tvrtke
Kemika, Hrvatska, Mr NaC;H3O, = 82,03 g/mol. Eksperimentalno je odredeno da 1 g natrijeva
acetata odgovara 0,55 g KPK (Kemijska Potro$nja Kisika).

Pokusi denitrifikacije

Pokusi denitrifikacije su vodeni Sarzno u anoksi¢nim uvjetima, u laboratorijskim ¢aSama radnog
volumena 0,5 L, pri koncentraciji otopljenog kisika < 0,5 mg/L, mijeSanjem na magnetskoj
mijesalici (IKA RH basic 2) pri 100 o/min. Pokusi denitrifikacije su zapoceti dodatkom natrijevog
acetata za odabrani omjer C/N (Cnaczrzo2/Nnosn), @ NOs-N kao supstrat u pokusima denitrifikacije
je nakupljen tijekom prethodno provedene nitrifikacije pri ¢emu je sav NOx-N (NO2-N + NO3-N)
bio u obliku NOs-N. Pokusi denitrifikacije provedeni su pri sobnoj temperaturi, u triplikatu a
rezultati su izrazeni kao srednja vrijednost £ SD, p<0,05 (ANOVA). Tijekom pokusa motrene su
vrijednosti pH, temperature i otopljenog kisika pomocu odgovarajucih elektroda i mjernih aparata
(pH elektroda WTW SenTix 41 i mjerni aparat WTW 330i, i kisikova elektroda WTW DurOx i
mjerni aparat WTW 3210 Oxi). Pokusi denitrifikacije 35+2 mg NO3-N/L i 80+2 mg NOs-N/L
provedeni su s aklimatiziranim aktivnim muljem koncentracije 4,3+0,2 g MLSS/L (eng. Mixed
Liquor Suspendid Solids). Tijekom pokusa denitrifikacije periodi¢no su uzimani uzorci za
odredivanje KPK, NO3-N, NO2-N i MLSS prema Standardnim metodama (Standard Methods,
1998). Fluorescenija in situ hibridizacija analiza mikrobne populacije u pokusima denitrifikacije je
napravljena prema Amann (1995). FISH uzorci su vizualizirani na konfokalnom laser skeniraju¢em
mikroskopu (Leica). Koristene su 4 oligunkleotidne probe oznacene fluorescentnim bojama cianin 3
i cianin 5 (Tablica 1) (GOREA PLUS, Hrvatska). Uzorci mulja su uzeti na kraju pokusa
denitrifikacije te analizirani FISH metodom za odredivanje denitrifikanata u ukupnim bakterijama
aktivnog mulja.

Tablica 1. Probe koristene za FISH
Table 1. Probes used for FISH

Naziv probe sCI:HSinnZ Sekvenca (5'-3") Formamid, % Literatura
DEN124 Denitri-fikanti | CGACATGGGCGCGTTCCGAT 40 (Gz'&;g‘)* Fsur.
EUB338 GCTGCCTCCCGTAGGAGT 0-50 arggg)“ Fsur.
EUB338-1l | EUBmix | Sve bakterije | GCAGCCACCCGTAGGTGT 0-50 Daims i sur.
EUB338-1II GCTGCCACCCGTAGGTGT 0-50 (1999)
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Rezultati i rasprava

IstraZzen je ucinak izvora ugljika odabranog omjera C/N 2, 3 i 4 na ucinkovitost denitrifikacije i
brzinu denitrifikacije s povecanjem optere¢enja sa NO3-N, uz natrijev acetat kao izvor ugljika (Slika
1). Acetat je odabran kao izvor ugljika jer se njegovom uprabom postizu velike brzine
denitrifikacije. Denitrifikacija 352 mg NOs3-N/L i 80+2 mg NOs-N/L je provedena s
aklimatiziranim aktivnim muljem koncentracije 4,3+0,2 g MLSS/L. Mikrobne reakcije kao odraz
aktivnosti mikrobne kulture u denitrifikaciji 35+2 mg NO3-N/L su prikazane pri omjeru C/N 3
slikom 2, te slikom 3 za denitrifikaciju 80+2 mg NOs3-N/L pri omjeru C/N 3, koji predstavlja
minimalan potreban omjer C/N za potpunu denitrifikaciju.
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Slika 1. Usporedba utro$ka organskih sastojaka izraZzenih kaoKPK za redukciju NOs-N, brzine
uklanjanja organskih sastojaka, brzine redukcije NOs-N, koli¢ine uklonjenog NO3-N, specifi¢ne
brzine uklanjanja organskih sastojaka i specifi¢ne brzine uklanjanja NOs-N, u denitrifikaciji
3542 mg NO3-N/L i 802 mg NOs-N/L
Fig. 1. The comparison of COD consuption for NO3s-N reduction, COD removal rate, NOz-N
reduction rate, the amount of NO3z-N removed, specific COD removal rate, and specific NOs-N
removal rate in denitrification of 35+2 mg NO3-N/L and80+2 mg NOs-N/L
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Slika 2. Denitrifikacija 35+2 mg NOs-N/L pri omjeru C/N 3
Fig. 2. Denitrification of 35+2 mg NOs-N/L at ratio C/N 3
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Slika 3. Denitrifikacija 802 mg NOs-N/L pri omjeru C/N 3
Fig. 3. Denitrification of 802 mg NOs-N/L under ratio C/N 3
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U denitrifikaciji 352 mg NOs-N/L pri omjeru C/N 2 postignuto je 58,5% uklanjanje NOs-N
tijekom prvih pola sata pokusa. Odvagana koli¢ina natrijeva acetata za omjer C/N 2 je bila
nedostatna za potpunu denitrifikaciju. Raspolozivi organski sastojci izrazeni kao KPK su utro$eni
tijekom 0,5 sati pokusa, pri ¢emu je tijekom redukcije NO3z-N nakupljeno 0,3 mg NO.-N/L, koji su
se potom denitrificirali. Utroskom raspolozivih organskih sastojaka (KPK), nakon prvih 30 minuta
pokusa odvijala se daljnja denitrifikacija NOs-N, i do kraja pokusa u 1,25. satu postignuto je 72,5%
uklanjanje NOs-N, sa unutarstani¢nim zalihama ugljika kao donorom elektrona za denitrifikaciju
(Slika 1). Dobiveni profil pH je odrazavao tijek denitrifikacije, porast pH sa pocetnih 8,5 na 8,77 u
0,5. satu pokusa, i potom polagano snizenje pH na 8,7 na kraju pokusa u 1,25. satu. Pri omjeru C/N
3 u denitrifikaciji 35+2 mg NO3s-N/L (Slike 1 i 2) postignuta je potpuna denitrifikacija. Nakupljeno
je 0,7 mg NO2-N/L u 0,5. satu pokusa, koji su se potpuno denitrificirali. RaspoloZivi organski
sastojci izrazeni kao KPK (dodan natrijev acetat za omjer C/N 3) su bili dostatni za potpunu
denitrifikaciju (Slika 2). Denitrifikacija 35+2 mg NOs-N/L pri omjeru C/N 3 je postignuta uz brzinu
redukcije NOz-N od 64 mg NOz-N/Lh, i brzinu oksidacije organskih sastojaka izrazenih kao KPK
od 373,6 mg KPK/Lh. Specifi¢na brzina denitrifikacije je iznosila 15,6 mg/gh, a specifi¢na brzina
uklanjanja organskih sastojaka 91,9 mg KPK/gh. Pri omjeru C/N 3 utroSeno je 5,8 g organskih
sastojaka izrazenih kao KPK za redukciju 1 g NOs-N (Slike 1 i 2).U profilu pH nastalom temeljem
mjerenja pH vrijednosti vidljiva je promjena pH koja je odraz mikrobnih reakcija koje prate tijek
denitrifikacije i uocava se rast pH vrijednosti sa 8,67 na maksimalnih 9,12 u 0,5. satu pokusa, i
zatim pad pH vrijednosti na 9,11 u 0,75. satu pokusa (Slika 2). Potpuna denitrifikacija 35+2 mg
NOs-N/L postignuta je i pri omjeru C/N 4 (Slika 1). Ostvarena je brzina redukcije NOs-N od 64 mg
NOs-N/Lh (kao i pri omjeru C/N 3), i brzina uklanjanja organskih sastojaka izrazenih kao KPK od
408,8 mg KPK/Lh. Specificna brzina denitrifikacije iznosila je 15,6 mg NOs-N/gh, a specificna
brzina uklanjanja organskih sastojaka iznosila je 99,7 mg KPK/gh. Maksimalna koli¢ina NO2-N od
0,8 mg NO2-N/L je ostvarena u 0,5. satu pokusa, koji su se potpuno denitrificirali u 0,75. satu
pokusa. Potrebna koli¢ina organskih sastojaka za redukciju NOs-N pri C/N 4 je iznosila 6,4 g KPK
po 1 g NO3-N (Slika 1). Mikrobna biomasa u ovom pokusu, pri omjeru C/N 4, ima u suvisku
raspolozivog organskog ugljika. Vrijednost pH je rasla sa pocetnih 8,69 na maksimalnih 9,19 u
0,75. satu pokusa, i zatim se lagano smanjivala.

U pokusima denitrifikacije 802 mg NOs-N/L uz natrijev acetat dodan pri omjerima C/N 2, 3 i 4,
osigurana je dostatana koli¢ina organskih sastojaka izrazenih kao KPK za potpunu denitrifikaciju
pri omjeru C/N>3, kao i u pokusima denitrifikacije 35+2 mg NO3-N/L. Denitrifikacija 80+2 mg
NOs-N/L pri omjeru C/N 2 je rezultirala 55% uklanjanjem NOs-N tijekom prvih sat vremena
pokusa i nakupljeno je 44 mg NO.-N/L. Budu¢i da je sav raspolozivi organski sastojak utroSen
tijekom prvih sat vremena pokusa, daljnja redukcija NOs-N i NO2-N tijekom naredna 3 sata pokusa
se odvijala sa unutarstani¢nim zalihama ugljika kao donorima elektrona. Do kraja pokusa u 4. satu
postignuto je 83,1% uklanjanje NOs-N a NO2-N su se reducirali od maksimalnih 44 mg NO.-N/L u
1. satu pokusa na 18,5 mg NO»-N/L u 4. satu pokusa (Slika 1). Dok je u procesu bilo raspolozivih
organskih sastojaka rasla je pH vrijednost sa pocetnih 7,84 na maksimalnih 9,34 u 0,75. satu
pokusa. Daljnjim vodenjem pokusa pH vrijednost se lagano smanjivala, i na kraju pokusa u 4. satu
je iznosila 8,71. Pri omjeru C/N 3 osigurana je dovoljna koli¢ina organskih sastojaka izrazenih kao
KPK za potpunu denitrifikaciju 80+2 mg NO3s-N/L (Slike 1 i 3). Brzina redukcije NOs-N je iznosila
44,7 mg NO3-N/Lh a brzina uklanjanja organskih sastojaka izrazenih kao KPK je iznosila 312,1 mg
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KPK/Lh. Specificna brzina denitrifikacije je iznosila 9,9 mg NO3z-N/gh, a specificna brzina
uklanjanja organskih sastojaka je iznosila 69,4 mg KPK/gh (Slike 1 i 3).Tijekom redukcije NOs-N
se prevodio u NO2-N, a maksimum od 43 mg NO,-N/L je dosegnut u 0,75. satu pokusa, i do kraja
pokusa u 1,75. satu su se potpuno denitrificirali. Za svaki gram NOs-N bilo je potrebno osigurati 6,9
g KPK. Promjene pH vrijednosti su pratile tijek mikrobnih reakcija, tako je vrijednost pH rasla s
pocetnih 7,66 na maksimalnih 9,37 u 1,5. satu pokusa, i zatim se smanjivala (Slika 3). Potpuna
denitrifikacija 80+2 mg NOs-N/L je postignuta i pri omjeru C/N 4 (Slika 1). Ostvarena je brzina
redukcije NOs-N od 51,9 mg NOs-N/Lh i brzina uklanjanja organskih sastojaka izrazenih kao KPK
od 359,7 mg KPK/Lh. Specifi¢na brzina denitrifikacije je iznosila 11,5 mg NO3-N/gh, a specifi¢na
brzina uklanjanja organskih sastojakaje iznosila 79,9 mg KPK/gh. Utrosak organskih sastojaka za
redukciju NOs-N je iznosio 7,9 g KPK po g NOs-N. U 0,75. satu pokusa postignut je maksimum
NO2-N od 40 mg NO.-N/L, koji su se do kraja pokusa u 1,75. satu potpuno denitrificirali.
Vrijednost pH je rasla od pocetne 7,89 na 9,74 u 1,75. satu, zatim se smanjivala.

U pokusima denitrifikacije 3542 mg NOs-N/L pri C/N 3 i 4, kada je postignuta potpuna
denitrifikacija, su odredene niske koncentracije NO2-N (Slika 2). U tim pokusima najveéa koli¢ina
NO2-N je ostvarena pri omjeru C/N 4 i iznosila je 0,8 mg NO,-N/L. Niska koli¢ina NO2-N tijekom
denitrifikacije upucuje na uskladenost nitrat reduktaze (Nar) i nitrit reduktaze (Nir) u
denitrifikantima, odnosno, sav NOs-N koji se reducirao u NO-N se vrlo brzo reducirao dalje te su
stoga detektirane niske koncentracije NO.-N tijekom pokusa. S druge strane, u pokusima
denitrifikacije 80+2 mg NO3-N/L zabiljezeno je znacajno nakupljanje NO,-N (Slika 3). Maksimalna
zabiljezena koncentracija NO,-N u pokusima potpune nitrifikacije je 43 mg NO,-N/L i 40 mg NO--
N/L pri omjerima C/N 3 i 4, odnosno NO-N su u to¢ki svog maksimuma ¢inili 54% i1 50% pocetne
koli¢ine NO3-N. Pan i sur. (2012) isticu da se intermedijeri denitrifikacije akumuliraju zbog
kompeticije izmedu Cetiri dusikove reduktaze za dostupne elektron donore. Kada ima dovoljno
elektron donora NO3-N se puno brze reducira od NO-N jer je brzina katalize Nar veéa od Nir. Do
akumulacija NO2-N dolazi prilikom koriStenja nekih vrsta izvora ugljika (npr. biodizelski otpad) ili
u slucaju kada nema dovoljno dostupnog izvora ugljika, pa do izrazaja dolazi kompeticija za
dostupne elektrone izmedu Nar i Nir (Uprety, 2012; Oh i Silverstein, 1999). Almeida i sur. (1995)
istiCu da je brzina redukcije NO»-N relativno sporija od brzine redukcije NOs-N, pa se smatra da je
redukcija NO2-N do NO korak koji ograni¢ava brzinu denitrifikacije, §to ima za posljedicu
akumulaciju NO2-N. S druge pak strane, Gerardi (2002) ukazuje da neki denitrifikanti nemaju
kljuéne enzimske sustave za potpunu denitrifikaciju, Sto je razlog akumulacije intermedijera
denitrifikacije, §to nije slu¢aj u ovom istraZivanju, jer su se nakupljeni NO2-N potpuno denitrificirali
pri C/N omjerima koji su osigurali dovoljnu koli¢inu organskih sastojaka za potpunu denitrifikaciju.
Vrijednost AKPK/ANOs-N je prikazana za sve omjere C/N iako su pri omjeru C/N 2 raspoloZivi
organski sastojci bili u deficitu i za denitrifikaciju 35+2 mg NO3z-N/L i 80+2 mg NOs-N/L kad je
ostvarena 58,5% odnosno 55% redukcija NO3z-N.

Omjeri C/N 3 i 4 su osigurali organske sastojke za potpunu denitrifikaciju i 3542 mg NO3-N/L i
80+2 mg NOs-N/L (Slike 1, 2 i 3).

Usporedbom denitrifikacije 35+2 mg NOs-N/L i 80+2 mg NOs-N/L pri omjerima C/N 3 i 4 vidljivo
je da s porastom omjera C/N raste potreba na KPK za redukciju iste koli¢ine NOs-N (Slika 1). Tako,
u denitrifikaciji 35+2 mg NO3-N/L izratunat omjer AKPK/ANOs-N je iznosio 5,8 (pri C/N 3) i 6,4
(pri C/N 4), odnosno AKPK/ANOs-N je iznosio 6,9 (pri C/N 3) i 7,9 (pri C/N 4) u denitrifikaciji
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80+2 mg NO3-N/L. Pri istom odabranom omjeru C/N veca je potreba za KPK u denitrifikaciji 80+2
mg NOs-N/L u odnosu na 35+2 mg NO3-N/L. Za istraZzene pocetne koncentracije NO3z-N postiZze se
potpuna denitrifikacija pri C/N>3, uz acetat kao izvor ugljika, odnosno omjer C/N 3 predstavlja
minimalni potrebni omjer C/N za potpunu denitrifikaciju. U literaturi (Gerardi, 2002) je istaknuto da
mikroorganizmi u anoksi¢noj respiraciji utrose oko 25% razgradenog KPK za proizvodnju mulja ili
stani¢nu sintezu. Buduéi da je minimalan potreban omjer C/N za potpunu denitrifikaciju 35+2 mg
NOs-N/L kao i za 80+2 mg NO3-N/L bio 3, ve¢i utrosak organskih sastojaka izrazenih kao KPK pri
omjeru C/N 4 sugerira da su denitrifikanti razliku utroSenog ugljika pohranili kao unutarstani¢ne
rezerve ugljika. Sli¢ne spoznaje je dobio Guven (2009) u istraZivanju izvora i koli¢ine ugljika
potrebnog za denitrifikaciju u postrojenjima za obradu otpadnih voda. U tom istrazivanju u
denitrifikaciji prilikom dodatka lako biorazgradivih organskih spojeva u suvisku, poput acetata,
propionata, etanola, glukoze ili metanola, dolazi do relativno visoke potros$nje organskog ugljika i to
KPK/NOs-N 7,1 i KPK/NOs-N 8,1 zbog mikrobne pohrane energije. Kod denitrifikacije uz organske
sastojke dodane u suvisku, potreba za KPK je veca za 80% u odnosu na omjer KPK/NO3s-N 4,5
odreden kao potreban za potpunu denitrifikaciju (Guven, 2009).

Brzina uklanjanja organskih sastojaka izrazenih kao KPK je u ovom istraZivanju rasla s pove¢anjem
omjera C/N. Tako u denitrifikaciji 35+£2 mg NO3-N/L je iznosila 225 mg KPK/Lh (58,5% redukcija
NOs-N sa dodanim izvorom ugljika, pri C/N 2), te 373,6 mg KPK/Lh i 408,8 mg KPK/Lh pri C/N 3
i 4, a u denitrifikaciji 802 mg NO3s-N/L brzina uklanjanja organskih sastojaka je iznosila 264,4 mg
KPK/Lh (pri C/N 2 kada je ostvarena 55% redukcija NO3s-N), te 312,1 mg KPK/Lh i 359,7 mg
KPK/Lh pri C/N 3 i 4. Specificna brzina uklanjanja organskih sastojaka u denitrifikaciji 352 mg
NOs-N/L je iznosla 54,9 mg KPK/gh (pri C/N 2 uz 58,5% redukciju NOs-N sa vanjskim izvorom
C), 1 91,9 mg KPK/gh i 99,7 mg KPK/gh pri omjerima C/N 3 i 4, a specifi¢na brzina uklanjanja
organskih sastojaka u denitrifikaciji 80+2 mg NO3s-N/L je iznosla 58,8 mg KPK/gh (pri C/N 2 i 55%
redukcija NOs-N sa vanjskim izvorom C), i 69,4 mg KPK/gh i 79,9 mg KPK/gh pri C/N 3 i 4.
Bergaust i sur. (2011) isticu da brzina denitrifikacije ovisi o raspolozivom topivom organskom
ugljiku, koncentraciji NO,-N i/ili NOs-N i koncentraciji denitrifikanata u aktivnom mulju.

Brzina redukcije NOs-N u denitrifikaciji 35+2 mg NOs-N/L je bila ista pri C/N omjerima koji su
osigurali dovoljnu koli¢inu elektron donora, C/N 3 i 4, i iznosila je 64 mg NO3-N/Lh. Pri omjeru
C/N 2, kada nije bilo dovoljno organskih sastojaka za potpunu denitrifikaciju, brzina denitrifikacije
3542 mg NOs-N/L je iznosila 40 mg NOs-N/Lh uz ostvarenu 58,5 % redukciju NOs-N. U
denitrifikaciji 80+2 mg NOs3-N/L, za odabrane omjere C/N, brzina redukcije NOs-N je rasla s
povecanjem omjera C/N, i iznosila je 40,5 mg NO3z-N/Lh (pri C/N 2 i ostignutu 55% redukciju NOs-
N), i 44,7 mg NOs-N/Lh odnosno 51,9 mg NOs-N/Lh pri C/N 3 i 4. Denitrifikacija sa limitiranim
raspolozivim ugljikom — elektron donorom, pri C/N 2, rezultira nepotpunom redukcijom NOs-N, te
izra¢unatom brzinom denitrifikacije od 40 mg NOs-N/Lh i 40,5 mg NO3z-N/Lh u denitrifikaciji 35+2
mg NOs-N/L i 80+2 mg NOs-N/L. U pokusima denitrifikacije koji nisu bili limitirani izvorom
ugljika brzina denitrifikacije 3522 mg NO3-N/L (64 mg NO3z-N/Lh, pri C/N 3 i 4) je bila veca u
odnosu na brzinu denitrifikacije 80+2 mg NOs-N/L (44,7 mg NOs-N/Lh pri C/N 3i 51,9 mg NOs-
N/Lh pri C/N 4). Pri odabranim omjerima C/N specifi¢na brzina denitrifikacije 35£2 mg NO3z-N/L
je iznosila 9,8 mg NO3s-N/gh (C/N 2, i 58,5% redukcija NOs-N), odnosno 15,6 mg NOs-N/gh (C/N 3
i 4), a 80+2 mg NOs-N/L je iznosila 9,0 mg NOs-N/gh (C/N 2, i 55% redukcija NOs-N), te 9,9 mg
NOs-N/gh i 11,5 mg NO3-N/gh pri C/N 3 i 4. Unato¢ malom utjecaju oksidacijskog stanja izvora
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ugljika na sintezu denitrificiraju¢ih reduktaza (Stewart i sur., 2009), razina ekspresije ugljikovih
oksidaza varira ovisno o vrsti izvora ugljika (Lu i sur., 2011). Zbog toga su kao rezultat neravnoteze
izmedu sveukupne koli¢ine elektron donora i brzine potrosnje vidljive razlike u kinetici
denitrifikacije (Slike 1, 2 i 3).

Tijekom denitrifikacije pH vrijednost raste dok se ne postigne nitratni vrhunac, odnosno potpuna
denitrifikacija, zatim se pH lagano smanjuje (Chang i Hao, 1996), §to je bila situacija i u ovom
istrazivanju (Slike 2 i 3).

Aktivni mulj hibridiziran s ozna¢nim oligonukleotidnim probama, DEN124 oznacen bojom cianin
3, na slici vidljivo crveno, a koje su identificirale denitrifikante iz acetat klastera, i EUBmix
probama oznacenim bojom cianin 5, vidljivo zeleno, koje oznaCavaju sve bakterije u aktivnom
mulju, je prikazan na slici 4.

Slika 4. Konfokal laser-skenirajuc¢i mikrograf denitrifikanata u aklimatiziranom aktivnom mulju
hibridiziranim sa Cy3-ozna¢enom probom DEN124 (crveno), a sve bakterije su hibridizirane
sa Cy5-oznacenim EUBmix probama (zeleno)

Fig. 4. Confocal laser-scanning micrograph of denitrificants in acclimatized activated sludge
hybridized with Cy3-labeled probe DEN124 (in red), all bacteria are hybridized
with Cy5-labeled EUBmix probes (in green)

Zakljudci
U denitrifikaciji 35+2 mg NO3-N/L i 802 mg NO3s-N/L minimalan potreban omjer C/N za potpunu
denitrifikaciju je C/N 3. Poveéanjem optereCenja sa organskim sastojcima, vise od minimalno

potrebnog omjera C/N za potpunu denitrifikaciju, veci je utroSak organskih sastojaka izrazenih kao
KPK za redukciju 1 g NOs-N.
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Denitrifikacija sa limitiranim raspolozivim ugljikom — elektron donorom, pri C/N 2, rezultira
nepotpunom redukcijom NOs-N, postignuta je 58,5% i 55% redukcija NOs-N sa dodanim vanjskim
izvorom ugljika u denitrifikaciji 3542 mg NO3-N/L odnosno 80+2 mg NOz-N/L.

U pokusima denitrifikacije pri C/N>3 brzina denitrifikacije 3542 mg NOs-N/L je 64 mg NO3z-N/Lh
pri C/N 3 i 4, odnosno 44,7 mg NOs-N/Lh pri C/N 3 i 51,9 mg NO3s-N/Lh pri C/N 4 u denitrifikaciji
80+2 mg NO3-N/L. Specifi¢na brzina denitrifikacije 35+2 mg NOs-N/L je 15,6 mg NOsz-N/gh (C/N
31 4), a specifi¢na brzina denitrifikacije 80+2 mg NOs-N/L je iznosila 9,9 mg NOz-N/gh i 11,5 mg
NOs-N/gh pri C/N 3 i 4. U denitrifikaciji 35+2 mg NO3-N/L omjer AKPK/ANOs-N je iznosio 5,8
(pri C/N 3) 1 6,4 (pri C/N 4), odnosno u denitrifikaciji 80+2 mg NO3-N/L omjer AKPK/ANOs-N je
iznosio 6,9 (pri C/N 3) i 7,9 (pri C/N 4). Prisustvo denitrifikanata u aktivom mulju je dokazano
primjenom FISH analize.
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Summary

The denitrification of 3542 mg NOs-N/L and 80+2 mg NOs-N/L with sodium acetate as a carbon
source at C/N ratio of 2, 3, and 4, was investigated. The minimum ratio of C/N 3 was needed for
total denitrification. The specific denitrification rate was determined, as well as the amount of COD
required for NO3-N reduction (mg COD/mg NOs-N). The ratio of ACOD/ANO3-N of 5,8 (at C/N 3),
and 6,4 (at C/N 4) was determined for denitrification of 35+2 mg NOs-N/L, and for denitrification
of 80+2 mg NO3-N/L the ratio of ACOD/ANO3-N was 6,9 (at C/N 3), and 7,9 (at C/N 4).

The denitrification rate of 64 mg NO3z-N/Lh was determined in denitrification 35+2 mg NO3-N/L at
C/N ratios 3 and 4, and also the denitrification rate of 44,7 mg NOs-N/Lh, and 51,9 mg NOs-N/Lh
was achieved in denitrification 80+2 mg NO3-N/L at C/N ratios 3 and 4. Denitrification of 35+2 mg
NOs-N/L, and 80+2 mg NOz-N/L with a limited C source — electron donor, at C/N 2, resuted with a
58,5%, and a 55% reduction of NO3z-N (with the external C source added). The denitrification of
NOs-N was conducted with activated sludge adapted for the denitrification process. The presence of
DNI species in the activated sludge was proved by using the FISH (fluorescence in situ
hybridization) method.

Keywords: denitrification, acetate, C/N ratio
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Strucni rad

Odrzivi razvoj gospodarenja otpadom kroz mjere upravljackog nadzora
Luci Veljagi¢™", Anamarija Veljagi¢*, Ante Mréela®

IA.D.V. GRUPA d.0.0., Cesta dr. F. Tudmana 861, 21 217 Kastel Stafili¢, Hrvatska
2Ilvana Gunduli¢a 22, 21 000 Split, Hrvatska
“Dopisni autor: luci.veljacic@gmail.com

SazZetak

Sustav gospodarenja otpadom u RH ureden je na nacelima, ciljevima i nacinima gospodarenja
otpadom bez uporabe rizi¢nih postupaka po ljudsko zdravlje i okoli§ te uz koriStenje vrijednih
svojstava otpada. Odrzivim gospodarenjem otpadom moraju se postivati mjere za sprjecavanje ili
smanjenje Stetnog djelovanja otpada na ljudsko zdravlje i okoli§ smanjenjem koli¢ina otpada na
mjestu nastanka i/ili u proizvodnji. Ovisno o postupku i procesu gospodarenje otpadom za koje je
ishodena dozvola od nadleznog tijela, mjerama upravljackog nadzora provodi se gospodarenje
otpadom na odredenoj lokaciji, a upravljacki nadzor gospodarenja otpadom provodi osoba
odgovorna za gospodarenje otpadom. Sustav upravljackog nadzora sastoji se od kontrole tehnicko-
tehnoloskih uvjeta obavljanja procesa gospodarenja otpadom te sigurnosno-preventivnih mjera u
slucaju izvanrednih dogadaja. Nadzorom tehnoloskog procesa osigurava se provodenje metoda kao
funkcionalno tehnoloskih cjelina materijalnog toka otpada na lokaciji, ispunjavanje mjera
upravljackog nadzora, sukladno nacinu gospodarenja otpadom propisanih Direktivama EU,
Zakonima i Pravilnicima.

Kljucne rijeci: mjere upravlja¢kog nadzora, odrzivo gospodarenje otpadom, odgovorna osoba
Uvod

Problem nastanka otpada postao je izrazen u drugoj polovini 20. stolje¢a uslijed naglog porasta
broja stanovnika na Zemlji koji su ve¢inom koncentrirani u velikim gradovima te pospijeseno
brzim razvojem tehnologija i nekontroliranim iskoriStavanjem prirodnih resursa. Povecanje
proizvodnje u svim sferama ljudskog Zivota, praceno izrazenim potrosackim mentalitetom, dovelo
je do stvaranja velikih koli¢ina otpada koje su pocele direktno ugrozavati okolis, a samim time i
zdravlje ljudi u takvim sredinama. Da bi se rijeSio problem nastalog otpada zapocelo se u svijetu sa
donosenjem raznih zakonodavnih okvira kako bi se uveli nadzori nad otpadom, tehnologijama
obrade otpada, smanjili doticaji otpada sa okoliSem te smanjili $tetni utjecaji otpada na okoli§ i
zdravlje ljudi. Kako bi se sacuvalo prirodne resurse za buduce generacije, s vremenom se uvidjelo
da je osim zakonodavstva potrebno uvesti cjelovite sustave odrzivog razvoja gospodarenja otpadom
radi smanjenja nastajanja otpada na minimum, a otpad poceti koristiti kao novu sirovinu. Proces
takvih promjena podrazumijevao je usuglasene uporabe resursa, investiranja, tehnic¢ki razvoj i
institucionalne promjene.
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Promjene u gospodarenju otpadom morale su zapoceti od svakog pojedinca, promjenama osobnih

vrijednosti do promjena na svim podru¢jima Zzivota sa ciljem poboljSanja kvalitete Zzivota

ukljucujuéi drustvene, ekonomske i ekoloske ¢imbenike. Medutim to bi bilo nemoguce ukoliko se
ne vodi ra¢una o okoliSu i njegovom kapacitetu na nacin da postane potpora ljudskom djelovanju te
ukoliko se ne postigne ravnoteza vaznosti individualnih prava s kolektivnom odgovorno§cu.

Odrzivi razvoj ima za cilj povezivanje gospodarstva, druStva i okoli$a na cjelovit nacin kako bi se

postiglo trajno rjeSenje, vode¢i racuna o potrebama buducih generacija kao i danasnjih. Ujedno trazi

izbjegavanje problema u buduénosti time §to se na njihovom rjeSenju radi u sadaSnjosti. Stoga je
potrebno planirati suradnju izmedu eksperata i obi¢nih ljudi kako bi planovi i prijedlozi zadovoljili

potrebe svih. Odrzivi razvoj u tom smislu ima tri dimenzije (slika 1.):

1. gospodarska koja ukljucuje rast zaposljavanja, poveéanje place, veée investicije, trgovinu,
poduzetnistvo, inovacije i sl.

2. drustvena predstavlja socijalnu dimenziju koja ukljuuje zdravlje, rijeSeno stambeno pitanje,
Skolovanje, prevenciju kriminala, demokraciju, slobodno vrijeme i dr. jer razvoj ne moze biti
odrziv ako nije pravedan ili ako ne zadovoljava goruce potrebe stanovnistva na Zemlji.

3. okolisna koja ukljucuje zrak, vodu i kvalitetu tla, zastitu staniSta, djelotvorno koristenje i
ponovnu uporabu prirodnih resursa i energije, tj. podrazumijeva stjecanje takvog znanja koje ¢e
omoguciti da se cijene, odrZavaju i razvijaju u prednosti okolisa.

DRUSTVO

prihvatljivo praviéno

OKOLIS GOSPODARSTVO
izvedivo

Slikal. Dimenzije odrzivog razvoja (Pavic i sur., 2015.)
Fig.1. Dimensions of sustainable development (Pavic and et al., 2015.)

Gospodarenje otpadom kao dio odrzivog razvoja mora se osigurati na nacin da otpad koji preostaje
nakon postupka obrade i koji se zbrinjava odlaganjem ne predstavlja opasnost za buduce generacije.
Gospodarenje otpadom mora se provoditi na nacin koji ne dovodi u opasnost ljudsko zdravlje i koji
ne dovodi do §tetnih utjecaja na okolis, a osobito kako bi se izbjegao rizik od oneciséenja mora,
voda, tla i zraka, kako bi se izbjegla pojava neugode uzrokovana bukom i/ili mirisom, da bi se
sprije¢io Stetan utjecaj na podruéja kulturno—povijesnih, estetskih i prirodnih vrijednosti te
nastajanje eksplozije ili pozara.
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Gospodarenje otpadom predstavlja racionalno gospodarenje vrijednim sirovinama i resursima Kkoji
su vlasnistvo svih ljudi, a izrazito je bitno u ekoloskom i ekonomskom smislu.

Materijali i metode

Ustav Republike Hrvatske jamci osobitu zaStitu mora, morske obale i otoka, vode, zraénog prostora,
rudnog blaga i drugih prirodnih bogatstava, zemlji$ta, Suma, biljnog i Zivotinjskog svijeta, drugih
dijelova prirode, nekretnina i stvari od osobito kulturnog, povijesnog, gospodarskog i ekoloSkog
znacenja, kao dobra od interesa za RH. Pravo na zdrav Zivot takoder je jedna od ustavnih odredbi.
Drzava je obvezna osigurati uvjete za zdrav zivot, a svatko je duzan, u sklopu svojih ovlasti i
djelatnosti, osobitu skrb posvecéivati zastiti zdravlja ljudi, prirode i okolisa.

Ustavnopravno uredenje okolisa i njegove zastite vazno je stoga Sto zakonske i druge norme moraju
biti posve uskladene s ustavom, odnosno s njegovim izvori§nim osnovama tako da doneseni zakoni,
podzakonski akti te norme i sl. moraju slijediti drustvene uzroke koje je ustav obiljezio kao izvor ali
i granice preko kojih se ne smije i¢i. Svrha je tih ustavnopravnih normi postizanje triju vaznih
ciljeva ekoloske politike izrazenih u nacelima kakvoce zivljenja, duznosti prema buduc¢im
generacijama i odrzivog razvoja. Deklaracija o zastiti okoliSa u Republici Hrvatskoj (N.N. br.
34/92) koja je donesena na temelju Ustava, definira RH kao zemlju izrazito bogatu raznolikim
prirodnim vrijednostima koja se opredjeljuje za gospodarski odrziv razvitak utemeljen na
poljoprivredi, Sumarstvu, pomorstvu i turizmu, gospodarstvu i industriji zasnovanoj na ckoloski
dopustivim tehnologijama. Kako bi nedovoljno osmisljena obnova i gospodarski razvoj mogli
povecati unistavanje okoliSa, upravljanje otpadom se mora sa mjera orijentiranih na posljedice,
usmjeriti na mjere orijentirane na uzroke prema hijerarhijskim ciljevima: sprje¢avanje nastajanja
otpada, reciklaza i ponovno koristenje kao sekundarne sirovine, sigurno odlaganje ostatka koji se ne
moze upotrijebiti, zabrana uvoza opasnog otpada te smanjenje i kontrola transporta opasnog otpada
kao i sanacija dosadasnjeg nekontroliranog odlaganja. Deklaracija je usmjerena na moto ,,misli
globalno, djeluj lokalno®, koja ¢e se provesti u nadleznom ministarstvu putem zakonske regulative
te objedinjavanja prostorno-planskih dokumenata.

Rezultati i rasprava

Zakon o odrzivom gospodarenju otpadom (N.N. br. 94/13) jedan je od krovnih zakona na podru¢ju
zaStite okoliSa, te djeluje u smjeru potpune promjene navike gradana i slike Republike Hrvatske.
Preduvijet za uspostavu takve slike funkcioniranja cjelovitog sustava gospodarenja sirovinama i
energijom je prije svega odvojeno sakupljanje otpada na mjestu nastanka. Ovim su Zakonom u
pravni poredak Republike Hrvatske prenesene odredene direktive Europske unije te je utvrden okvir
za provedbu specifi¢nih uredbi EU. Takoder, Zakonom su utvrdene mjere za sprjecavanje ili
Smanjenje Stetnog djelovanja otpada na ljudsko zdravlje i okoli§ na nacin smanjenja koli¢ina otpada
u nastanku i/ili proizvodnji te se ureduje gospodarenje otpadom bez uporabe rizi¢nih postupaka po
ljudsko zdravlje i okoli§, uz koristenje vrijednih svojstava otpada. U Republici Hrvatskoj otpad se
sukladno Zakonu o odrzivom gospodarenju otpadom (N.N. br. 94/13) definira kao svaka tvar ili
predmet koje posjednik odbacuje, namjerava ili mora odbaciti. Otpadom se smatra i svaki predmet i
tvar ¢ije su sakupljanje, prijevoz i obrada nuzni u svrhu zastite javnog interesa.
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Ovisno o svojstvima, otpad se mozZe podijeliti na opasni, neopasni i inertni otpad, dok se po mjestu
nastanka razlikuje viSe vrsta otpada kao $to su komunalni otpad, proizvodni (otpad iz rudarstva i
eksploatacije mineralnih sirovina, gradevinski otpad, mulj iz uredaja za pro¢is¢avanje otpadnih voda
i sl.) te posebne kategorije otpada (ambalazni, otpadni elektricki i elektroni¢ki uredaji i oprema,
vozila kojima je istekao vijek trajanja, otpadne gume, otpadna ulja i sl.). Odredbe ovoga Zakona
utvrduju sustav gospodarenja otpadom u Republici Hrvatskoj ukljucuju¢i red prvenstva
gospodarenja otpadom, nacela, ciljeve i naCin gospodarenja otpadom, strateSke i programske
dokumente u gospodarenju otpadom, nadleznosti i obveze u gospodarenju otpadom, lokacije i
gradevine za gospodarenje otpadom, djelatnosti gospodarenja otpadom, prekograni¢ni promet
otpada, informacijski sustav gospodarenja otpadom te upravni i inspekcijski nadzor nad
gospodarenjem otpadom. Gospodarenje otpadom temelji se na uvazavanju nacela zastite okolisa
propisanih zakonom kojim se ureduje zaStita okoliSa i pravnom steCevinom Europske unije,
nacelima medunarodnog prava zastite okoli$a te znanstvenih spoznaja, najbolje svjetske prakse i
pravila struke, a osobito na "nacelu oneciséivac placa”, "nacelu blizine", "nacelu samodostatnosti”,
"nacelu sljedivosti". Proizvodac proizvoda od kojeg nastaje otpad, odnosno proizvodaé otpada snosi
troskove gospodarenja tim otpadom. U svrhu sprjeavanja nastanka otpada te primjene propisa i
politike gospodarenja otpadom primjenjuje se red prvenstva gospodarenja otpadom (slika 2.), koji
zapoCinje sa spreCavanjem nastanka otpada, potom slijedi priprema za ponovnu uporabu, zatim
recikliranje pa drugi postupci oporabe, dok je postupak zbrinjavanja otpada, koji ukljucuje i
odlaganje otpada, najmanje poZeljan postupak gospodarenja otpadom.

Gospodarenje otpadom je sloZena djelatnost koja zahvaca sve grane gospodarstva, proizvodnije i
potro$nje, a sadrzi Citav niz postupaka i tehnologija od kojih se velik dio primjenjuje u razli¢itim
oblicima. Zakonom o odrzivom gospodarenju otpadom, gospodarenje otpadom je definirano kao
djelatnosti sakupljanja, prijevoza, oporabe i zbrinjavanja i druge obrade otpada, uklju¢ujuéi nadzor
nad tim postupcima te nadzor i mjere koje se provode na lokacijama nakon zbrinjavanja otpada kao
i radnje koje poduzimaju trgovac otpadom ili posrednik. Takoder, ovim zakonom su definirani i
postupci gospodarenja otpadom, a to su: sakupljanje otpada, interventno sakupljanje otpada,
priprema za ponovnu uporabu, priprema prije oporabe i zbrinjavanja, postupci oporabe i
zbrinjavanja, trgovanje otpadom, posredovanje u gospodarenju otpadom, prijevoz otpada,
energetska oporaba odredenog otpada, sakupljanje otpada u reciklazno dvoriSte i privremeno
skladiStenje vlastitog proizvodnog otpada. Nadalje, ovim zakonom je odredeno da pravna i fizicka
osoba-obrtnik moze, nakon §to ishodi upis u odgovarajuce o¢evidnike za gospodarenje otpadom i/ili
odgovaraju¢u dozvolu, zapoceti obavljati djelatnost sakupljanja otpada postupkom sakupljanja
otpada i interventnog sakupljanja otpada te djelatnost oporabe, zbrinjavanja ili druge obrade otpada.
Zakonom 0 odrZzivom gospodarenju otpadom propisana je obveza proizvodaca otpada i drugog
posjednika otpada prema kojoj je duzan predati svoj otpad osobi koja obavlja djelatnost
gospodarenja otpadom radi daljnjeg zakonitog postupanja s otpadom (obrada otpada, odlaganje i
sl).

Pravilnikom o gospodarenju otpadom (N.N. br. 23/14, 51/14, 121/15 i 132/15) definirani su uvjeti
za gospodarenje otpadom s pripadaju¢im tehnoloskim procesima koji je ukljucen u djelatnost za
koju se izdaje dozvola za gospodarenje otpadom te uvjeti za obavljanje djelatnosti trgovanja
otpadom.
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NAJPOZELJNIJI IZBOR

SMANJENJE KOLICINE \§
OTPADA

PONOVNO KORISTENJE

RECIKLIRANJE

OPORABA / ISKORISTAVANJE

ODLAGANJE OTPADA NA ODLAGALISTIMA \ \ NAJMANJE POZELJAN IZBOR

Slika 2. Shematski prikaz reda prvenstava u gospodarenju otpadom (Medven i sur., 2009.)
Fig. 2. Scheme representation order of priority in waste management (Medven and et al., 2009.)

Mjere upravljackog nadzora gospodarenja otpadom na temelju zakonskih propisa o zastiti okolisa i
gospodarenju otpadom provodi osoba odgovorna za gospodarenje otpadom koja je duzna osigurati
gospodarenje otpadom sukladno dozvoli za gospodarenje otpadom ili oevidnicima, osigurati
pracenje i provedbu plana postupanja u slucaju izvanrednih dogadaja, provoditi kontrolu mjera radi
onemogucavanja pristupa neovlastenim osobama, provoditi kontrolu mjera ¢iS¢enja i uklanjanja
rasutog i/ili razlivenog otpada, voditi evidenciju o izvanrednim dogadajima u gradevini za
gospodarenje otpadom, organizirati i nadgledati provedbu sustava upravljackog nadzora sukladno
dozvoli za gospodarenje otpadom i sl.

Pisane upute rada za obavljanje tehnolo$kog procesa sadrzi nac¢in obveznog postupanja radnika pri
obavljanju tehnoloskog procesa (hodogram aktivnosti). Sigurnosno-preventivne mjere u
gospodarenju otpadom provode se ovisno o tehnoloskom procesu rada uz primjenu mjera zastite na
radu, zastite od pozara, zastite okoliSa te sigurnosno/preventivnih mjera.

Zakljudci

Neodgovarajuce gospodarenje otpadom je jedan od najvecih problema zastite okolisa te otpad treba
staviti pod kontrolu i svesti na minimum, tako da se o¢uvaju postojeci resursi za buduce generacije.
Posljedice neodgovarajuéeg gospodarenja otpadom mogu se negativno odraziti na sastavnice
okolisa kao Sto su voda, zrak, more i tlo te na klimu, ljudsko zdravlje i drugi Zivi svijet. Stoga je
potrebno ucinkovito i brzo rijeSavati probleme temeljem cjelovitog sustava odrzivog gospodarenja
otpadom i putem definiranih mjera upravljackog nadzora.

Nadzorom tehnoloskog procesa osigurava se provodenje metoda kao funkcionalno tehnoloskih
cjelina materijalnog toka otpada na lokaciji, ispunjavanje mjera upravljackog nadzora, sukladno
nadinu gospodarenja otpadom propisanih Direktivama EU, Zakonima i provedbenim dokumentima.
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Summary

The waste management system in Croatia is arranged by the principles, objectives and ways of
waste management without the use of high-risk procedures to human health and the environment,
and the use of valuable properties of waste.

Sustainable waste management must respect measures for preventing or reducing the harmful
effects of waste on human health and the environment in a way to reduce the amount of waste in the
development and/or production.

Depending on the procedure and the process of waste management for which was obtained the
permission of the competent authority, implemented management control measures performing
waste management at a specific location, and management oversight of waste management carried
out by a person responsible for waste management.

The controller system consists of technical and technological conditions control of performing the
process of waste management and safety preventive measures in case of accidents.

Control of technological process ensures the method implementation as functional technological
units of material flow of waste on site, meeting the control measures of control, according to the
method of waste management as prescribed by the law, EU Directives and Regulations.

Keywords: control measures of control, sustainable waste management, responsible person
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Sazetak

U ovom radu istrazena je sposobnost obezbojenja sintetskih bojila (malahitno zelenilo MZ, kristal
violet KV, fuksin F i metilensko modrilo MM) pomoc¢u &etiri vrste gljiva bijelog truljenja: P.
chrysosporium CCBAS 570, T. versicolor CCBAS AG613, T. versicolor TV6 i C. subvermispora.
Gljive su uzgajane pri 27 °C 9 (10) dana na agarnim plo¢ama s dodatkom bojila u koncentracijama
50, 100 i 150 mg L. Zona rasta kolonija te zona obezbojenja (promjene boje) mjerene su (u dva
medusobno okomita smjera) svaka 3 dana. MZ je snazno inhibiralo rast svih vrsta, ali su sve
pokazale dobru sposobnost obezbojenja ovog bojila, §to je vidljivo iz velikog indeksa obezbojenja
(promjer obezbojenja/promjer kolonije) u rasponu od 2,42 do 6,04. Sposobnost djelomicnog
obezbojenja KV pokazale su sve vrste gljiva, pri ¢emu je rast vrsta P. chrysosporium i C.
subvermispora bio snazno inhibiran ovim bojilom. F je inhibirao rast odabranih gljiva samo tijekom
prvih dana uzgoja. Sposobnost obezbojenja F pokazale su sve vrste, ali indeks obezbojenja nije bio
velik (0,24 — 1). Inhibicija rasta ovim bojilom primije¢ena je samo u prvim danima uzgoja. MM nije
inhibiralo rast gljiva, ali je djelomi¢nu sposobnost obezbojenja ovog bojila pokazala jedino vrsta T.
versicolor TV6. Utvrdeno je kako primijenjene koncentracije bojila u podlozi statisti¢ki znacajno
utjeCu na rast kolonija gljiva, ali nije utvrdena statisti¢ki znacajna razlika u sposobnosti obezbojenja.

Kljucne rijeci: sintetska bojila, P. chrysosporium, T. versicolor, C. subvermispora, obezbojenje
Uvod

Sintetska bojila ubrajaju se u skupinu vrlo opasnih one¢i§¢ujucih tvari, koje putem industrijskih
otpadnih voda dospijevaju u okolis. Veé¢inom su organske prirode i aromatske strukture (benzenski
i/ili naftalenski tip) (Gudelj i sur., 2011) te ulaze u skupinu ksenobiotickih spojeva (Yu i Wen,
2005). Izmedu ostalih svojstava, bojila moraju biti postojana i otporna na kemijsko i mikrobiolosko
djelovanje te na djelovanje svjetlosti, Sto za posljedicu ima njihovo dugo zadrZavanje u okolisu,
odnosno tesku razgradnju (Adedayo i sur., 2004). Njihovo uklanjanje iz okolisa zahtijeva primjenu
slozenih i dugotrajnih procesa. Bojila smanjuju prodiranje svjetlosti u vodu, §to rezultira smanjenom
koncentracijom kisika u vodotocima. Nadalje, ona djeluju toksi¢no i genotoksicno na vodene
ekosustave te, takoder, pokazuju mutageni i kancerogeni ucinak na ljude (Saratale i sur., 2011).
Zbog svega navedenog, vazno je ukloniti bojila iz obojenih otpadnih voda prije njihova ispustanja u
okolis. Najcesce se za uklanjanje bojila iz otpadnih voda koriste fizikalno-kemijske metode poput
adsorpcije, koagulacije, filtracije, kemijske razgradnje, primjene naprednih oksidacijskih procesa,
itd. Primjena ovih metoda Cesto je financijski, metodoloski i vremenski vrlo zahtjevna, pri ¢emu se
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nuzno ne postize visoka ucinkovitost (Asgher i Bhatti, 2007; Sandhya i sur., 2005). Bioloske
metode predstavljaju alternativu fizikalno-kemijskim metodama i ukljucuju procese biosorpcije
(adsorpcija bojila na zivu ili inaktivnu biomasu mikroorganizama), biorazgradnje i
biotransformacije te bioakumulacije. Osnovne prednosti primjene bioloskih metoda su niska cijena,
visoka ucinkovitost, ¢esto potpuna biorazgradnja bojila ili nastajanje produkata manje toksi¢nosti od
polaznog spoja. Osnovni nedostaci, u usporedbi s fizikalno-kemijskim metodama, su manja
mogucénost kontrole i dugotrajnost bioprocesa, $to je, jo$ uvijek, prepreka $iroj primjeni ovih
metoda na realnim sustavima (Gupta i Suhas, 2009). Mikroorganizmi koji se istrazuju u ovu svrhu
ukljucuju aerobne i anaerobne vrste bakterija, neke alge i velik broj razlicitih vrsta gljiva, koje su se
pokazale naju¢inkovitijima za primjenu u bioremedijaciji obojenih otpadnih voda (Gupta i Suhas,
2009). Gljive bijelog truljenja skupina su mikroorganizama koja se najintenzivnije proucavaju u tu
svrhu, ali i u druge svrhe poput razgradnje ksenobiotika, razgradnje lignoceluloloznih materijala s
ciljem proizvodnje biogoriva, proizvodnje enzima, itd. (Eichlerova i sur., 2006; Forgacs i sur., 2004;
Wesenberg 1 sur., 2003). Enzimski sustavi ovih gljiva, koji ukljuuju izvanstani¢ne enzime
odgovorne za razgradnju lignina, omogucuju im razgradnju razli¢itth ksenobiotika poput
policiklickih aromatskih ugljikovodika, polikloriranih bifenila, pesticida i sintetskih bojila
(Elisashavili i sur., 2009). Najvazniji enzimi u procesu biorazgradnje bojila koje sintetiziraju ove
vrste su enzimi ukljudeni u razgradnju lignina: lakaza, lignin peroksidaza i mangan peroksidaza
(Santos i Corso, 2014; Eshghia i sur., 2011; Jayasinghe i sur., 2008). U ovom radu istrazena je
sposobnost obezbojenja sintetskih bojila malahitnog zelenila, kristal violeta, fuksina te metilenskog
modrila pomocu Cetiri vrste gljiva bijelog truljenja Phanerochaete chrysosporium CCBAS 570,
Trametes versicolor CCBAS AG613, Trametes versicolor TV6 i Ceriporiopsis subvermispora na
agarnim plocama s dodatkom bojila u razli¢itim koncentracijama, $to je metoda koja se koristi za
probir vrsta koje posjeduju potencijal za daljnju biotehnolosku primjenu.

Materijali i metode

Bojila
U radu su koriStena bojila malahitno zelenilo, fuksin, kristal violet i metilensko modrilo (sve
Kemika d.d., Zagreb, Hrvatska) (slika 1.).
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Slika 1. Strukturne formule odabranih bojila: A) malahitno zelenilo, B) kristal violet, C) fuksin,
D) metilensko modrilo
Fig. 1. Structural formulas of selected dyes: A) malchite green, B) crystal violet, C) fuchsin,
D) methylene blue
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Mikroorganizmi

Istrazivane su Cetiri vrste gljiva bijelog truljenja: P. chrysosporium 570 i T. versicolor AG 613
(Culture Collection of Basidiomycetes, Prag, Ceska) te T. versicolor TV-6 i C. subvermispora
(MZzKI, Culture Collection of the National Institute of Chemistry Ljubljana, Slovenija). Gljive su
odrzavane u Petrijevim zdjelicama na krumpirovom agaru i ¢uvane pri pri 4 °C u hladnjaku. Kao
inokulum, u daljnjim pokusima obezbojenja bojila, koristeni su micelijski diskovi (promjera 6 mm)
kulture stare 7 dana i uzgajane na 27 °C.

Istrazivanje sposobnosti obezbojenja agarnih ploca

Osnovne otopine istrazivanih bojila pripremljene su odvagom 0,1 g bojila i dodatkom 3 mL sterilne
demineralizirane vode u sterilnu epruvetu. Iz osnovnih su otopina preneseni odgovarajuéi volumeni
otopljenih bojila u tikvice sa sterilnim krumpirovim agarom (Liofilchem, Italija) radi postizanja
kona¢nih koncentracija bojila u hranjivim podlogama od 50 mg L%, 100 mg L i 150 mg L™
Podloge su razlivene u Petrijeve zdjelice promjera 90 mm i nacijepljene micelijskim diskovima
promjera 6 mm kultura starih 7 dana. Kao abioticka kontrola koriStene su nenacijepljene obojene
hranjive podloge, dok je kao bioticka kontrola koriStena hranjiva podloga bez dodatka bojila i
nacijepljena na isti nacin kao obojene podloge. Sve Petrijeve zdjelice inkubirane su pri 27 °C kroz 9
(10) dana . Rast kolonije i promjer zone obezbojenja su mjereni u 2 medusobno okomita smjera,
svaka tri dana. Dobiveni rezultati su izraZzeni kao indeks obezbojenja (promjer zone
obezbojenja/promjer micelija) i statisticki obradeni programima GraphPad Prism ver. 6 i Microsoft
Excel 2013.

Rezultati i rasprava

Sposobnost obezbojenja bojila na agarnim plo¢ama s odabranim bojilima izrazena kao indeks
obezbojenja prikazana je u tablici 1. Indeks obezbojenja izrazen je kao omjer promjera obezbojenja
(mm) i promjera kolonije (mm) izmjerenog 9., odnosno 10. dana uzgoja. Ve¢i indeks obezbojenja
ukazuje na bolju sposobnost gljive za razgradnju bojila (Jayasinghe i sur., 2008), ali pri razmatranju
indeksa obezbojenja valja voditi racuna i o brzini rasta mikroorganizma (inhibiciji rasta zbog
dodatka bojila). Veliki indeks obezbojenja, uz istovremenu snaznu inhibiciju rasta, rezultirat ¢e
obezbojenjem tek dijela ukupne povrSine obojene agarne ploe. Do potpunog obezbojenja cijele
povrsine agarnih ploca za vecinu bojila doslo je tek nakon 20 do 30 dana uzgoja, dok pri najvecoj
koncentraciji bojila do potpunog obezbojenja nije doslo.

Indeks obezbojenja odreden nakon 9, odnosno 10 dana uzgoja omogucuje probir onih vrsta koje ée
brze i u¢inkovitije provesti razgradnju bojila. 1z rezultata prikazanih u tablici 1. vidljivo je da su svi
mikroorganizmi tijekom 9 odnosno 10 dana uzgoja, do odredene mjere obezbojili bojila iz skupine
trifenilmetanskih bojila — malahitno zelenilo, fuksin i kristal violet. Pri tome je obezbojenje
malahitnog zelenila najucinkovitije, $to se vidi iz izrazito velikog indeksa obezbojenja. Malahitno
zelenilo ujedno je i bojilo koje je najjace inhibiralo rast svih gljiva. Eichlerova i sur. (2006a, 2006)
istrazivali su sposobnost obezbojenja agranih ploc¢a s dodatkom malahitnog zelenila pomocu gljiva
bijelog truljenja Dichomitus squalens, P. chrysosporium, Pleurotus ostreatus i T. versicolor.
Koncentracije malahitnog zelenila u podlozi iznosile su od 50 do 1000 mg L%, 3to je dovelo do
potpune inhibicije rasta.
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Tablica 1. Obezbojenje razli¢itih bojila pomocu gljiva bijelog truljenja
Table 1. Decolourisation of different dyes using white rot fungi

Malahitno . Kristal | Metilensko
: Fuksin - .
zelenilo violet modrilo
Mikroorganizam Yhojil/mg L Indeks obezbojenja
. 50 4,40 1,00 4,44 0,00
P, chrysosporium CCBAS 100 4,44 042 | 446 0,00
150 4,30 0,00 4,45 0,00
50 2,42 0,69 1,55 0,00
T. versicolor CCBAS AG613 100 2,94 0,49 1,57 0,00
150 3,44 0,58 1,52 0,00
50 3,01 0,73 1,04 0,52
T. versicolor TV6 100 6,01 0,65 1,02 0,27
150 5,43 0,60 1,19 0,37
50 531 0,24** 2,92 0,00
C. subvermispora 100 6,04 na*** 3,03 0,00
150 5,77 na*** 3,62 0,00
* indeks obezbojenja izrazen kao promjer obezbojenja/promjer kolonije 9. dana uzgoja, odnosno 10.
dana uzgoja za P. chrysosporium i T. versicolor AG 613 na malahitnom zelenilu i metilenskom
modrilu
** 3. dan uzgoja
*** na (eng. not applicable) nije bilo moguce oéitati promjer obezbojenja

Izuzetak je bila gljiva D. squalens za koju je primije¢en vrlo spor rast i obezbojenje agarnih ploca
pri najmanjoj koncentracije malahitnog zelenila u podlozi. Jayasinghe i sur. (2008) takoder su
zabiljezili potpuni izostanak rasta na agarnim plo¢ama s malahitnim zelenilom (100 mg L) u
sluc¢aju 4 od 10 vrsta gljiva bijelog truljenja koje su istrazivali, dok su ostale rasle znacajno sporije
od kontrola, ali su pokazale dobru sposobnost obezbojenja agarnih ploca, Sto je u skladu s
rezultatima dobivenima ovim istraZivanjem. 1z tablice 1. nadalje je vidljivo da su odabrane gljive
ucinkovito obezbojile kristal violet. Manje vrijednosti indeksa obezbojenja u odnosu na malahitno
zelenilo, djelomi¢no su posljedica ¢injenice da je inhibicija rasta ovim bojilom bila manja. Izuzetak
je gljiva C. subvermispora za koju je vidljivo kako je indeks obezbojenja vrlo visok za sve
koncentracije kristal violeta te je ova gljiva ujedno bila i najjace inhibirana dodatkom kristal violeta
u podlogu. U sli¢nom istraZivanju koje su proveli Eichlerova i sur. (2006) dodatak kristal violeta u
podloge na kojima su uzgajane gljive P. chrysosporium, Pleurotus ostreatus i T. versicolor u
koncentracijama od 100 i 500 mg L™ imao je za posljedicu inhibiciju rasta ili potpuni izostanak
rasta ovih gljiva. U koncentraciji 50 mg L kristal violet je uzrokovao usporeni rast, ali je doSlo do
obezbojenja podloge. Fuksin je bojilo koje su sve gljive tijekom ovog istrazivanja obezbojile do
odredene mjere, ali je uéinkovitost obezbojenja bila nesto manja u odnosu na druga dva bojila iz iste
skupine. Jedina gljiva koja je tijekom 10. dana uzgoja pokazala sposobnost obezbojenja metilenskog
modrila je T. versicolor TV6. Pri tome je vidljiva zona obezbojenja primijecena tek izmedu 6. i 9.
dana uzgoja, za razliku od svih ostalih bojila kada je obezbojenje primije¢eno ve¢ izmedu 2. i 3.
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dana uzgoja (rezultati nisu prikazani). Indeks obezbojenja manji od 1 ukazuje na slabiju sposobnost
obezbojenja metilenskog modrila pomocu ove gljive u odnosu na sposobnost obezbojenja drugih
bojila. Ovo je posebice ocigledno kada se uzme u obzir ¢injenica kako dodatak metilenskog modrila
u podloge nije rezultirao znac¢ajnijom inhibicijom rasta u odnosu na kontrolu. Kako je metilensko
modrilo teSko biorazgradljivo bojilo pokazuje i istrazivanje Jayasinghe i sur. (2008) u kojem su
samo 2 od 10 koristenih gljiva bijelog truljenja pokazale dobru sposobnost obezbojenja metilenskog
modrila, odnosno indeks obezbojenja veci od 1. Pri tome je dodatak metilenskog modrila u podlogu
za posljedicu imao umjeren do jak inhibitorni u€inak na rast odabranih 10 vrsta gljiva bijelog
truljenja.

StatistiCka obrada rezultata rasta kolonija istrazivanih gljiva na agarnim plocama s dodatkom bojila
ukazuje na sljedece: bojila djeluju inhibitorno na rast kolonija gljiva, pri ¢emu vece koncentracije
bojila inhibiraju rast kolonija u vecoj mjeri (rezultati nisu prikazani). Gotovo redovito je promjer
kolonije kontrolnih uzoraka (bez dodatka bojila u podlogu) veéi, u usporedbi s promjerom kolonije
koja raste na bojilima, §to je potvrdeno statistickim testom analize varijance ANOVA uz post-hock
Bonterroni-ijev test utvrdivanja razlike izmedu podataka. No, kako kolonije gljiva rastu, tako se i
razlika u porastu kontrolnih uzoraka i uzoraka s bojilima smanjuje. Za pretpostaviti je kako se gljiva
prilagodava supstratu te, nakon izvjesnog vremena prilagodbe, rast zavr$ava sli¢no kao i kontrolni
uzorak, bez bojila. S druge strane, ve¢inom nema statisticki znacajne razlike izmedu obezbojenja
ploca s bojilima bez obzira na tri razliite koncentracije bojila. Iako je rast gljiva inhibiran
dodatkom bojila, Cini se kako istrazene koncentracije bojila nisu utjecale i na smanjenje ekspresije
enzima koji su odgovorni za obezbojenje.

Zakljucci

Na osnovu rezultata istrazivanja moze se zakljuciti kako odabrane gljive bijelog truljenja, zbog
pokazane sposobnosti potpunog ili djelomi¢nog obezbojenja koristenih bojila, imaju potencijal za
koristenje u bioremedijaciji obojenih otpadnih voda. Nadalje, rezultati takoder upucuju na potrebu
daljnjih istrazivanja kako bi se ispitao utjecaj ve¢ih koncentracija bojila na rast kolonija i
sposobnost obezbojenja bojila.
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Summary

Four white rot fungi P. chrysosporium CCBAS 570, T. versicolor CCBAS AG613, T. versicolor
TV6 and C. subvermispora were tested for their ability to decolourise synthetic dyes (Malachite
Green MG, Crystal Violet CV, Fuchsine F and Methylene Blue MB). Fungal species were
cultivated at 27 °C for 9 (10) days on Potato dextrose agar plates containing dyes at final
concentrations of 50, 100 and 150 mg L. The colony radial growth and the decolourisation zone
(in two perpendicular directions) were measured every three days. Although all fungal strains were
strongly inhibited by MG, high decolourisation index (decolourisation diameter/mycelial diameter)
ranging from 2.42 to 6.04 for all tested species indicated very good decolourisation ability. CV
strongly inhibited the growth of all fungi except P. chrysosporium. However, all species partially
decolourised CV. F was also decolourised by all strains but the decrease in decolourisation
efficiency was observed (decolourisation index ranging from 0.24 to 1). Inhibitory effect of F to
fungal growth was observed only during the first cultivation days. Only T. versicolor TV6 partially
decolourised MB, even though this dye did not inhibit the mycelial growth of the tested fungal
strains. The influence of agar plate dye concentration on fungal growth was statistically significant,
while no statistical significance was observed regarding the decolourisation ability.

Keywords: synthetic dyes, P. chrysosporium, T. versicolor, C. subvermispora, decolourisation
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Summary

The discharge of effluents bearing nitrogen and phosphorus into the water body causes the
eutrophication phenomenon, which leads to restrictions in the use of water sources. Different
physical, chemical and biological methods have been developed and applied for their removal.
Recent scientific investigations have been focused on the application of abundant naturally
occurring low-cost materials, such as natural zeolites and their modifications that allow for the
removal of anionic species.

This paper has focused on the investigation of the feasibility of iron-modified zeolite (IMZ) as a
sorbent for nitrates and phosphates from water solutions. The influence of the initial pH and
concentration of the solution on the sorption efficiency of nitrates and phosphates on IMZ has been
investigated. Higher removal efficiency of phosphates has been observed on IMZ than of nitrates. It
has been found that phosphate and nitrate removal efficiency depends on the point of zero charge of
the material and the pH of the solution. The additional benefit of the IMZ application in phosphate
and nitrate removal is the possibility of subsequent use of saturated IMZ as fertilizer.

Keywords: sorption, iron-modified zeolite, nitrates, phosphates
Introduction

Nitrogen and phosphorus compounds are essential nutrients and play important roles in agriculture.
Uncontrolled discharges of industrial wastewaters as well as excessive use of fertilizers in
agricultural activities lead to leaching of phosphates and nitrates from agricultural land causing
them to penetrate into water streams (surface waters, ground waters). High amounts of these
compounds in surface waters promote eutrophication resulting in excessive algal growth and
oxygen depletion causing fish kills (Morghi et al., 2015; Zamparas et al., 2011; Hamdi and Srasra,
2012; Zhang and Tian, 2015). Common methods for nitrate removal include biological nitrification-
denitrification and chemical reduction, while for phosphates they include biological removal and
chemical precipitation with iron salts. In addition, all these methods have their own limitations such
as the required pH and production of chemical sludge (Morghi et al., 2015; Azari et al., 2014; Fang
et al., 2014; Montalvo, 2011). These methods are effective in removing phosphates and nitrates to
mg/l levels but not always to pg/l ones (Reed et al., 2000).
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For low concentration removal, sorption processes and membrane techniques are taken into account.
Among them, sorption processes are generally considered to be the simplest due to relative
simplicity of operation and use of low cost naturally occurring materials like natural zeolites.
Natural zeolites are already recognized as efficient sorbent materials for different toxic substances
from wastewater, especially for cationic species like heavy metals because they have a negative
charge caused by substitution of Si** by AI**. In order to remove anionic species, simple surface
modifications are performed which improve their sorption capacities. Many studies have focused on
investigation of environmentally friendly natural materials for nitrate removal such as modified
natural clinoptilolites (Pavlovi¢ et al., 2014), chitin (Morghi et al., 2015), modified clinoptilolite
(Azari et al., 2014), modified analcime (Faghihian et al., 2001), natural zeolite (Montalvo, 2011),
and for phosphate removal, modified bentonites (Zamparas et al., 2011), magnesium modified corn
biochar (Fang et al., 2014), lanthanum modified zeolite (Zhang and Tian, 2015), natural zeolite
(Montalvo, 2011), modified zeolite (Panayotova, 2015) and calcite (Karageorgiou, 2012).

In this paper, the feasibility of using iron-modified zeolite as a sorbent for nitrate and phosphate
removal has been examined. In this sense, the effect of the initial pH and concentration of the
solution on the sorption efficiency has been investigated.

Materials and Methods

Sample preparation

The natural zeolite (NZ) from the Vranjska Banja deposit, Serbia, with the particle size of 0.6-0.8
mm, was used as the starting material for preparation of the iron-modified zeolite (IMZ). Before
modification, NZ was washed in ultrapure water to remove impurities and dried at 60°C. The
modifications were performed through three separate stages: in the aqueous solution of 1 mol/l
Fe(NOs)s - 9H,O prepared in acetate buffer at pH=3.6, followed by 1 mol/l NaOH and 4% NaNO;
solutions. The prepared sample was dried at 40°C and kept in a desiccator until use. Physical-
chemical characterization of IMZ has been performed and explained in detail in a previously
published paper (Ugrina et al., 2015).

Sorption experiment

The effect of the solution pH and initial concentration on the sorption efficiency of phosphates and
nitrates on iron-modified zeolite was examined by the batch technique. All experiments were
performed in the same manner. 1.0000 g of IMZ was mixed with 100 ml of phosphate or nitrate
solution in a batch reactor at 250 rpm, for 48 hours at ambient temperature. After equilibration, the
suspensions were filtered and the remaining concentration of anions was determined by means of
the ion chromatography method and the equilibrium pH was measured. The solutions were prepared
by dissolving the appropriate amount of KzPO4 or KNOs salts in ultrapure water. The effect of the
solution pH was studied over the pH range 2-12. The initial pH was adjusted by a small addition of
0.1 mol/l HNOg3 for phosphates and 0.1 mol/l HCI for nitrates or 0.1 mol/l KOH. The initial
concentrations of the phosphate and nitrate solution were 100 mg PO4*/l and 100 mg NO3/I,
respectively. The effect of initial concentrations was investigated at y,=5-400 mg PO,*/I and three
different pH, (2.55, 7.01, 12.01) while for nitrates at the same initial concentration, y,=5-400 mg
NOs/l without adjusting pH (pH,=6.48).
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The amount of sorbed anions in equilibrium, ge (Mg/g) and the sorption efficiency, o (%) were
calculated by means of equations:

V
qd. =0, —v.) — 1)
m

o= M&OO )

Yo
where v, and ve are initial and equilibrium concentrations of anions (mg/l), V is the volume of the
solution (I) and m is the mass of zeolite (g).

Results and Discussion

Effect of pH

The pH of the solution is an important parameter which controls the sorption of ions at the zeolite-
water interfaces. Also, most sorbent/sorbate systems exhibit some short pH-dependent behaviour
due to the chemistry of the sorbate and sorbent (Reed et al., 2000). Therefore, the effect of pH, on
the amount of sorbed phosphates and nitrates onto IMZ, ge and the sorption efficiency, o, were
investigated in the pH range 2-12 and are shown in the Figure 1.
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Fig. 1. a) The amount of phosphates and nitrates sorbed per gram of IMZ vs. pH,; b) The sorption
efficiency, a of phosphate and nitrate sorption on IMZ vs. pH,

In the pH range of pH,=5-10 the minimum value of ge and o for phosphates and the maximum value
for nitrates is observed. Outside of this pH range, the decrease of q. and o for nitrates and increase
for phosphates is noticed. Also, during experiments, pH values of suspensions were measured
continuously and the results are shown in Figure 2.

304



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Zastita okoli$a / Environmental Protection

20 Phosphate 20 Nitrate
—&—pHo =255 —O—pHo =31 —&—pHo =256 —O—pHo=3,15
—a—pHo =4,15 —&—pHo=5,1 —a—pHo =4,03 —&n—pHo =5,16
—e—pHo = 6,06 —O—pHo =7, —e—pHo0=6,25 —O—pHo=7,25
15 —e—pHo = 8,10 —o—pHo=9,1 15 —e—pHo =811 —6—pHo0=9,19
—»—pHo=10,20 —*—pHo=11 —>»—pH0=10,26 —»—pHo=11,12

—.0— pHo = 12,.10 —+—pHo =12,15

T 10 I 10
5 5
O ! T T O T T T
0 1000 2000 0 1000 2000 3000
t, min t, min

Fig. 2. The measurement of pH during phosphate and nitrate sorption on IMZ

Both anions show a similar pH profile. The increase of pH for pH,~2.5 is negligible, while for
pHo=3-9 the increase is up to pH=8-10. At pH,=11 and 12, a slight decrease in pH is observed. The
increase and decrease of pH values is the consequence of zeolite-aqueous nitrate or phosphate anion
interactions as well as the competition effect with H* and OH" ions. This behaviour could be
connected with the anionic species and the zeolite surface charge depending on the solution pH, as
well as on chemical interactions and electrostatic forces between IMZ and anions.

It is known that zeolites possess a net surface charge which varies depending on the pH of the
solution. In acid and basic conditions, protonation and deprotonation reactions of functional zeolite
groups take place as follows (Trgo and Peri¢, 2003):

=S—OH+H" »>=S—OH; 3)
=S-OH+0OH —»=S-0"+H,0 (4)

where S is Si, Al or Fe. In order to know the net surface charge of IMZ, in a previous paper the
point of zero charge of IMZ, pHy,c has been determined: it occurs at pHpc=9.8+0.1 (Ugrina et al.,
2015). This means that IMZ is positively charged below pH of pHy. due to Eqg. 3, while above the
PHpzc value IMZ has a negative charge according to Eq. 4.

In the case of nitrate sorption on IMZ, the maximum g. and o are obtained at the pH range, pHo=5-
10 and equal 1.2 mg/g and 13%, respectively. The same pH effect for nitrate removal onto modified
zeolite clinoptilolite has been observed by Azari et al. (Azari et al., 2014). The lower sorption
efficiency in a highly acidic medium is probably due to the competition effect with H* ions while in
a basic medium it is due to the competition with OH" ions or repulsion forces between negative
surface charges of IMZ and nitrate ions (Azari et al., 2014; Fang et al. 2014). Thus, the main
mechanism of nitrate sorption in the pH range 5-10 stems from electrostatic attraction between
negative nitrate ions and positive zeolite surfaces. Phosphoric acid is weak and yields hydrolysed
products, depending on pH. Table 1 summarizes hydrolysis reactions with the corresponding
constants and Figure 3 shows the distribution of phosphate species as a function of pH.
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Table 1. Hydrolysis constants for phosphate hydrolysis reactions (Kester and Pytkowicz, 1967)

Hydrolyses reactions Ka
PO4* + H20 == HPO4? + OH" 7.52:107
HPO4#*+ H20 = H2PO4 + OH" 6.23-10°8
H2PO4 + H20 = H3PO4 + OH" 4.80-1013
1,0
08 ':'l HZ/PO
106 - i
3 ;
0.4 1 i\ HPO,
021 {
00 2 R
4 6 8 10 12 14

0 2
pH

Fig. 3. Distribution of phosphate species as a function of pH based on hydrolysis constants
listed in Table 1

The results from Figure 1 show that pH is an important parameter in the removal of phosphate
anions. The maximum efficiency is achieved in boundary conditions, acidic and basic. According to
Figure 3, at pH=2-4, the dominant phosphate species is H,PO4". Higher sorption efficiency in this
region could be attributed to electrostatic attraction between H,PO,4 and positive binding sites on
IMZ and then chemical interaction according to the reaction (Hamdi and Srasra, 2012):
O
I
— + - —
=S-OH; +H,PO, z=S|—O—P—OH+HZO (5)
OH

At pH>pH,, the net surface charge of IMZ is negative and HPO,2 and PO4* species are present in
solution. In these conditions, repulsive electrostatic forces are produced between phosphate anions

and IMZ. The cause of increase in sorption efficiency at pH values higher than pH,=10 could be
attributed to chemical interaction forces which must be greater than the repulsive electrostatic force
A similar effect has been observed by Panayotova (2015), Reed et al. (2000), Valazquez-Peiia et al.

(2015) and Karageorgiou et al., (2012).
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Allred (2010) described the removal of PO,* on activated carbon in basic conditions by the
exchange of phosphate anions with oxygen-containing functional groups, where anions become
incorporated into the surface of the substrate. Huang et al. (2003) and Tyrvola et al. (2006)
described the removal of PO4* on iron oxide/hydroxide via ligand exchange. For the pH range 5-10,
sorption could be attributed to both electrostatic and chemical interactions.

Effect of initial concentration

A previous experiment has shown that the optimal pH for nitrate removal is pH,=5-10, while
phosphate anions behave differently. Due to this reason the effect of the initial concentration on
phosphate sorption has been examined at three different pH, values (2.55, 7.02, 12.01) and for
nitrates in the pH range 5-10, without adjusted pH, pH=6.48. Figure 4 shows the effect of the initial
concentration on the amount of phosphates and nitrates sorbed on IMZ as well as the sorption
efficiency.
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—6— PO, (pH=2.55) 3)
-8 PO, (pH=7.02)

15 { —&—PO.¥ (pH=12.01)
—— NO; (pH=6.48)
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—8- PO,* (pH=7.02)
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—e— NO; (pH=6.48)
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o
=
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o
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o
!
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o

o
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Yo Ma/l Yo M/
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Fig. 4. a) The amount of phosphates and nitrates sorbed per gram of IMZ vs. y,. b) ae VS. v, for
phosphate and nitrate sorption vs. y,

The amount of phosphates and nitrates sorbed on IMZ increases with the increase in the initial
concentration while the sorption efficiency decreases. It has been found that an increase in pH has a
significant effect on phosphate sorption and higher sorption efficiency of phosphates on IMZ than
on nitrate sorption. The results show that the maximum ge and o obtained for phosphates equal 5
mg/g or 12% (pH=2.55), 4 mg/g or 11% (pH=7.02) and 15 mg/g or 39% (pH=12.01), while for
nitrates 2 mg/g or 5% (pH=6.48). The three times higher removal is achieved for phosphates at
pH=12.01 then that at lower pH values. Maximum permissible values for phosphates and nitrates in
wastewaters according to Croatian legislation are 1 mg PO/l and 2 mg NOgs/I, respectively.
Results from Figure 4 also indicate that for the initial concentration of 5 mg/l for both anions, the
residual concentrations are below maximum permissible values with sorption efficiency higher than
80% for phosphates at all three pH, and 37% for nitrates. This suggests that IMZ is a good sorbent
for low concentrations of these anions in wastewaters. For higher concentration, higher mass of
IMZ should be used. For this purpose Langmuir and Freundlich isotherm models have been applied
to design a batch reactor in order to assess the required mass of zeolite.
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Batch scale design
In order to predict the required mass of zeolite for the given sorption efficiency a single-stage batch
sorption system has to be designed. The mass balance in a batch reactor is given by Eq. (6):

V-(y,-v)=m-(,—-q,) (6)
When system reaches the equilibrium, y; and g will change to y. and g, respectively. If q,=0, Eq.
(6) becomes:

Vv, =v,)=m-q, )
The ge from Eq (7) can be substituted with isotherm that shows the best fit. Therefore, the

experimental sorption data correlated with Langmuir and Freundlich isotherms are presented in
Figure 5 and the corresponding constants are summarized in Table 2.

20
o PO (pH=2.55)
o PO, (pH=7.02)
15 1 a PO/ (pH=12.01)
¢ NO; (pH=6.48)
------ Langmuir
g 10 — Freundlich
IS
=
5
»>———CU .9
0 . T T T T
0 100 200 300 400 500
Yo Mo/l

Fig. 5. Langmuir and Feundlich isotherm models fit for phosphate and nitrate sorption on IMZ
Table 2. The constants of Langmuir and Freundlich isotherms.

Model Parameter Phosphates Nitrates

pH=2.55  pH=7.02 pH=12.01  pH=6.48

Gexp 4.825 4.075 15.200 1.884
Lanamuir To 4010 3.827 14.299 1518
. ugﬂon KL 0.477 0.060 0.052 0.045
q r 0.988 0.980 0.973 0.979
Ereundlich Ke 1.701 0.365 0.684 0.126
S ne 5.650 2.413 1,682 2.078
q 2 0.996 0.996 0.999 0.991

According to the isotherm parameters and correlation coefficients, r? a better fit is observed with the
Freundlich isotherm. Since the Freundlich isotherm showed the best fit with the experimental data,
Eqg. (6) is rearranged as:
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Vo, —v,)=m-K_-y;" ®)
that is:
V-(v,-7,)
m=——e e )
KF.Ye

Eq. (9) provides for a calculation of the mass of IMZ needed for a given volume of solution, initial
concentration and percentage of sorption efficiency. Figure 6 presents the needed mass of IMZ
against volume of solution for the desired initial concentration of nitrates and phosphates to achieve
sorption efficiency of 90%.

1200
—& PO, (pH=2.55)
1000 {—& PO, (pH=7.01)
—a PO,% (pH=12.01)

o 800 | —— NO, (pH=6.48)
£ 600
400
200
0

\Al

Fig. 6. IMZ mass vs. volume of metal solution for 90% sorption efficiency and initial concentration
of 9.5 mg PO,*/l and 18 mg NO3 /I

Results indicate that in order to reduce the concentration of phosphates and nitrates below the
maximum permissible values with sorption efficiency of 90%, the maximum initial concentration
should not be higher than 9.5 mg PO4*/l and 18 mg NO37/I. Iron-modified zeolite has showed to be a
good material for removal of low concentration of nitrates and phosphates. Thus, further
investigations should focus on testing the use of saturated zeolite as fertilizer.

Conclusions

The sorption of phosphates and nitrates onto iron-modified zeolite is quite a complex process
depending on pH. The results indicate that pH has a strong effect as it determines the type of anionic
species, zeolite surface charge as well as chemical interactions and electrostatic forces between IMZ
and anions. Two processes effect on the sorption: chemical interactions and electrostatic forces
accompanied by the competition effect with H* and OH" ions. The maximum sorption efficiency is
achieved in the pH range 5-10 for nitrates, and in acidic and basic conditions for phosphates.

To reduce the concentration of nitrates and phosphates below maximum permissible values the
application of batch scale design has showed that the initial concentration should not exceed the
value of 9.5 mg PO4*/I and 18 mg NOg7/I. Thus, iron-modified zeolite is a promising material for
removal of low concentrations of nitrates and phosphates.
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Summary

The purpose of this study was to remove heavy metals from compost leachate using zeolite, and
lime. Our goal was to achieve less than 0.5 mg/l of Cu?* and less than 2 mg/l of Zn?* in the treated
compost leachate. The physico-chemical parameters: pH, metal content, total organic carbon and
total nitrogen were measured. After filtration the adsorption of metals from compost leachate on
zeolite was studied. The best results were obtained after combined adsorption on zeolite, activated
charcoal and lime (pH=10). Zn?* content in the compost leachate decreased from 2.71 mg/l to 0.53
mg/l, which was a 80.4 % decrease. Although compost leachate contained low concentrations of
Cu?* (0.23 mg/l), Cu?* was most effectively removed using the zeolite and lime at pH=10. The Cu?*
content decreased from 0.23 mg/l to 0.08 mg/l, which represented 65% reduction. We have found
that the pH effected the cleaning of a compost leachate since the results at pH = 9 were worse. The
results showed that organic content in compost leachate had a huge impact on metal removal using
zeolite.

Keywords: compost leachate, metal removal, zeolite, lime

Introduction

Composting is popular method for treatment of waste. Large number of leachate is generated from
the release of water during the decomposition of the green waste. The composition of leachate is
very complex and could pose a risk for environment due to heavy metal content. Adsorbents, such
as zeolites, are used for metal removal. Clinoptilolite is a type of natural zeolite in form of hydrated
aluminosilicates. Clinoptilolite is very efficient for heavy metal removal in sequence: Pb?* > Ni?* >
Cu?* > Cd? > Zn?* > Cr3%* > Co?'. (Tabatabaei et al 2012). Another study reported about the
adsorption of metal ions on natural zeolites clinoptilolite and chabazite, which were used for
removal of several ions, such as Pb?*, Cu?*, Zn?*, Co?, Cd®", Ni**. Both zeolites successfully
removed all enumerated ions with the initial concentration of 10 mg/l (Babel and Kurniawan, 2003).
Sewage sludge compost leachate was treated by the combination of zeolite and activated carbon
(Delkash et al, 2015). Activated carbon adsorbed a lot of hydrophobic organic compounds, due to
its non-polar nature. Zeolite is more hydrophilic and adsorbed ionic species. As combination those
were proved to be very efficient.Lime was used for adjusting pH to alkaline value which is
favourable for metal ions removal. Further, lime is inexpensive.
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The removal of metals such as Pb?*, Zn®* and Cd?* are very sensitive to pH value Pb?* was mostly
removed in acid pH value, while Zn?* and Cd?* in alkaline range. Pb?* was successfully removed at
pH=5.5 at 99.9 % while a little lower percentage of 99.5 % was achieved at pH=2.2. Removal
efficiencies for Zn?* and Cd?* at 93.6 % and 85.8 %, respectively, in alkaline range. the efficiencies
decreased to 23.4 % and 21 % in acid pH range. (Delkash et al, 2015)

The aim of this study was to remove heavy metal ions from compost leachate after composting of
kitchen waste. The main focus was directed towards removal of Cu?* and Zn?* using zeolite and
lime. We stick to the values determined in Slovene legislation as maximum allowed values for
leachate release. pH was adjusted and different mass of zeolite were studied with a goal to remove
metal ions in model solutions. pH was also adjusted using lime, which was assumed to increase the
removal efficiency. The real compost leachate was treated at optimal conditions.

Materials and Methods

Zeolites used for Zn?*and Cu?* removal from water are presented in Fig. 1. Two types of zeolite A
were tested: in powdered form (ZAP) and granular one (ZAG). Both were purchased from Silkem,
Slovenia. The pore diameter of zeolite A was 20 nm. Empirical formula of hidratizated zeolite A is
Nai2(Si02)12(Al02)12 -27 H,O (CNSI, 2016). The structure of zeolite is seen from Fig. 2.

1.23 nm o0 X
. Cation site  *"¢%&¢ (supercage)

Fig. 2. Structure of zeolite A (CNSI, 2016)
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Physico-chemical properties of zeolite A are presented in Table 1 (MSDS, 2016) and were the same
for powdered and granular zeolite A.

Table 1. Physico-chemical properties of zeolite A

State of matter solid

Color white

Smell non

pH 10.5-11
Density 200 — 800 kg/m?3
Solubility in water no

Granular activated carbon, Filtrasorb 400M, was purchased from Chemviron, with the effective size
0.55-0.75 mm, density 0.54 g/cm?. Lime was donated by local company.

Analytical methods

Physico-chemical parameters of model water and treated model water as well as of untreated and
treated compost leachate were determined. pH and conductivity (y) were determinated using WTW
Multi pH/Cond 340i instrument. Atomic absorption spectroscopy (AAS) using PERKIN ELMER
1100 B spectro-photometer was performed for determination of Zn?*, Cu?* and Ni?* concentrations.
Due to high concentration in compost leachate, the digestion was necessary before AAS in
concentrated HNO3z (5 % V/V). Crf*ions were determined spectrophotometrically using Agilent
8453 UV-visible Spectroscopy System. Total organic carbon (TOC) and total nitrogen (TN) were
determined using TOC/TN analyser Multi N/C 2100/2100S Analytik Jena.

Model solution

In the first part of the research, model solutions of Zn?* and Cu?" ions were prepared and treated
with zeolites. Model solutions were prepared by dissolving 100 mg/L Cu-ions and 100 mg/L of Zn-
ions in 1 L flask. 100 mL aliquots of such solutions were prepared and different amount of zeolite
was added: 0.5 g, 1 g, and 2 g of zeolite in powdered form (ZAP) and granular zeolite (ZAG). The
influence of pH was studied. pH was adjusted to 4, 5, 6, 7 and 8 using HCI or NaOH. The same
procedure was adopted with ZAG. In the next step pH was adjusted to values 9 and 10 using lime
instead of NaOH.

Compost leachate

In the second part of research, zeolites were used to remove Zn?* and Cu?* ions from compost
leachate. Compost contained wetted organic matter from kitchen waste (leaves, food waste). From
the compost pile at composting company Kogal (Slovenia) the water passed into the stabilization
ponds. Compost leachate samples were taken three times during 3 weeks from such ponds. The
leachate was brown coloured and had unpleasant smell. Also flies were denoted in samples.
Leachate contained a lot of organic substances which are dissolved or undissolved in solution.
Leachate analysis is presented in Table 2.
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Table 2. Parameters of compost leachate

Parameter Unit Value
pH / 6.4
X mS/cm 24.3
y (Cu?") mg/L 0.4-5
y (Zn?) mg/L 6.1-10
y (Ni?%) mg/L 0.75
y (Cré%) mg/L 0.49
TOC mg/L 13840
TN mg/L 1380

Organic particles in compost leachate interacts with zeolite and this way compete with the metal
ions for available sites on zeolite (Malamis and Katsou, 2013). Therefore, the adsorption ability of
zeolite is limited. In order to improve the adsorption ability, the organic material was partly
removed by centrifugation using Eppendorf Centrifuge 5804 R, at 3000 rpm. for 5 min. For pH
adjustment in supernatant after centrifugation of compost leachate either 0.1 M NaOH or lime was
used. Lime is preferred choice over other bases due to its low cost and ease of handling. (Fu and
Wang, 2011).

Results and Discussion

The aim of the research was to remove metals from compost leachate. Table 2 showed that
concentration of Zn%* and Cu?* oscillated, while the concentrations of Ni?* and Cr® are low.
Therefore, firstly model solutions with Zn?* and Cu?* were prepared and treated using zeolite, then
real compost leachate was treated with zeolites. Two types of Zeolite A were tested: one in
powdered from and another in granular form. Table 3 presents the results of the analyses in water
samples. The amount of ZAP or ZAG was 0.5 g for 100 mL of ions solution. It can be observed that
pH value had significant influence on Zn-ions removal if ZAG was used. However, the effluent
concentrations did not decrease below 0.6 mg/100 mL.

Table 3: Results of the analyses in model solutions

Sample pH % zn[Mmg/100 mL] 2 Cu[mg/100 mL]

ZAP 4 <0.1 <0.1
5 <0.1 <0.1
6 <01 <01
7 <0.1 <0.1
8 <0.1 <0.1

ZAG 4 2.8 <01
5 25 <0.1
6 2.2 <0.1
7 1.9 <0.1
8 0.6 <0.1
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ZAP was better choice for Zn-ions removal, while the concentration decreased to 0.2 mg/100 mL of
Zn-ions solution. Experiments with ZAP and ZAG showed that the concentration of Cu-ions
decreased from 10 mg/100 mL below 0.1 mg/100 mL of Cu ions. The same results for Cu-ions
removal was obtained with amount of ZAP 1 g and 2 g per 100 mL of ion solutions. In the case
when Zn-ions were treated with zeolite, the same results were achieved with ZAP. The increased
amount of ZAG had positive influence on Zn-ions removal. If 1 g per 100 mL of ZAG was added
the concentration decreased from 10 mg to 0.5 mg, 0.4 mg, 0.3 mg, 0.2 mg and 0.2 mg at pH 4, 5, 6,
7, and 8, respectively. If 2 g per 100 mL were added results were better and the concentrations
decreased below 0.2 mg regardless of pH value. Based on results it can be concluded that ZAP is
better type of zeolite for metals removal.

Results for real leachate treatment

Samples were taken and the concentration of metals were determined at 5 mg/L for Zn?* and 0.5
mg/L Cu?*. The appropriate concentration determined with model solutions was 2 g per 100 mL of
model sample.

Compost leachate contained a lot of organic compounds, which could hinder the adsorption
capability of zeolite by blocking the zeolite’ pores. Therefore, leachate was centrifuged first in order
to remove most of the suspended organic material and enable the adsorption. In the next step,
zeolite was added into supernatant. Without centrifugation, we did not achieve any metal removal
after adding 2 g of zeolite, while final concentrations of both metals remained the same as their
initial concentrations. The pH value of supernatant after centrifugation was adjusted to 8 using 0.1
M NaOH and then using lime to pH=10. Also the amount of zeolite was increased from 2 g to 4 g.
The treatment only with zeolite without lime gave worse results while the decrease was to 3.1 mg/L.
The second sample contained 2.1 mg/L Zn. The best result was achieved with the amount of zeolite
4 g per 100 mL of sample, 1 g of activated carbon, following with the adjustment at pH=10 by lime
only. The removal efficiency was calculated at 80.4 %, the concentration decreased to 0.53 mg/L.
The results showed that although some organic matter was removed, majority share of organic
matter remained in supernatant and still showed a huge impact on metal removal.

Results of the Zn removal from the third samples of compost leachate were similar to the second
one, except that the concentrations of Zn?* in initial samples were determined at 6 mg/L. The
efficiency did not exceed 80 %.

Initial concentration of 0.5 mg/L Cu-ions was very low in all three compost leachate samples. The
concentration decreased from 0.23 mg/l to 0.08 mg/L after the treatment using zeolite, activated
carbon and lime (and/or NaOH).

Conclusions

The results showed that Cu?* and Zn?* were efficiently removed from model solution using
powdered form of zeolite A. The removal of Zn?* increased with increased pH value using granular
zeolite, however the results using powdered zeolite A were better. The removal of Cu?* was in all
experiments below 0.1 mg/L. It did not depend neither on pH value nor of the type of zeolite. The
appropriate concentration in model solutions was 2 g per 10 mg of Cu?* or Zn?* in model sample.
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When treating real compost leachate samples, 2 g of zeolite did not remove Zn?* nor Cu?* ions. The
best result was achieved with the amount of zeolite 4 g per 100 mL of sample, 1 g of activated
carbon, following with the adjustment at pH=10 by lime only. The removal efficiency was
calculated at 80.4 %, the concentration decreased to 0.53 mg/L Zn?*. The concentration decreased
from 0.23 mg/I to 0.08 mg/L Cu?* with the same procedure.

It could be concluded that metals could be removed from compost leachate by using zeolite.
However, the organic material, had enormous impact on metal removal.
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Sazetak

Bioloska obrada otpadnih voda pomocu aktivnog mulja je Cesto upotrebljavan proces zbog
ekonomskih i ekoloskih razloga. Biosorpcija je fizikalno-kemijski proces vezanja oneciscujucih
tvari iz otpadne vode na stani¢ne strukture biolo§kog materijala. Farmaceutske otpadne vode mogu
sadrzavati oneciS¢enja u obliku polaznih sirovina, organskih otapala, meduprodukata te aktivnih
farmaceutskih spojeva. U ovom radu istraZzen je potencijal aktivnog mulja u uklanjanju organskih
onec¢is¢ujudih tvari iz farmaceutske otpadne vode pomocu procesa biosorpcije. Pokusi su provedeni
u $arZnim uvjetima pri razli¢itim po¢etnim koncentracijama aktivnog mulja od 3,36 do 7,98 g/dm?®
te pocetnoj koncentraciji farmaceutske otpadne vode yso = 1589,9 + 161,3 mg/dm®. Procesom
biosorpcije uklonjeno je izmedu 40,1 i 60,3 % toksi¢nih tvari, dok je ucinkovitost uklanjanja
organskih tvari iznosila do 14,6 %. Dobiveni rezultati opisani su Freundlichovim modelom, pri
¢emu je R? iznosio 0,931, dok su vrijednosti Freundlichovih konstanti, Ks i n, iznosile 4,77 dm®g i
0,17.

Kljucne rijeci: biosorpcija, farmaceutska otpadna voda, aktivni mulj
Uvod

Ubrzan ekonomski i tehnoloski razvoj te poboljsani zivotni uvjeti produzili su Zivotni vijek Covjeka.
Samim time, povecala se potraznja lijekova za upotrebu u kucanstvu i bolnicama, $to je dovelo i do
razvoja farmaceutske industrije. Proizvodnja farmaceutika stvara otpadne tokove razlicitog sastava
koji ovisi polaznoj sirovini, tehnoloskim procesima i otpadnim produktima. Otpadne vode
farmaceutske industrije najéesc¢e nastaju u procesima sinteze i formulacije (Gadipelly i sur., 2014) i
sadrze specificna oneciS¢enja kao Sto su neizreagirani reaktanti, organska otapala, katalizatori,
aditivi, meduprodukti te ostaci pomo¢nih tvari i aktivnih farmaceutskih tvari (Deegan i sur., 2011).
Poznavanje tvari ukljuc¢enih u proces rezultira poznatim sastavom otpadne vode, §to omogucava
ciljanu obradu (Lefebre i sur., 2014; Sabi¢ i sur., 2015.). Bioloska obrada otpadnih voda je
uéinkovita te ekoloski i ekonomski prihvatljiv postupak, pri ¢emu Se sama obrada zasniva na
koriStenju aktivnhog mulja u svrhu uklanjanja onecis¢ujuéih tvari. Aktivni mulj je mjeSovita
zajednica mikroorganizama, koji se najve¢im udjelom sastoji od bakterija, zatim protozoa i metazoa
(Cordi i sur., 2012).
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Mikroorganizmi se povezuje u pahuljice aktivnog mulja te o njihovoj kakvoc¢i ovisi uéinkovitost
obrade otpadne vode (Mesquita i sur., 2013). Obrada otpadne vode pomocu aktivnog mulja sastoji
se od procesa biosorpcije te biorazgradnje organske tvari. Biosorpcija je fizikalno-kemijski proces u
kojem dolazi do vezanja onecis¢ujucih tvari iz otpadne vode na stani¢nu strukturu biomase (Fomina
i sur., 2014; Zhang i sur., 2014). Biosorpcijski potencijal aktivnog mulja prikazuje se kao
biosorpcijski kapacitet o uvjetima rada odnosno o temperaturi, pH-vrijednosti te koncentraciji
sorbata i sorbensa, pri ¢emu maksimalni sorpcijski kapacitet odreduje najpovoljniji sorbens
(Chojnacka i sur., 2010). Ravnotezni kapacitet biosorpcije aktivnog mulja ge (mg/g) prikazan je
jednadZbom 1. (Zhang i sur., 2014):

Vso ~ Vse
Q. = 1)
’ 7x

gdje yso prikazuje po&etnu koncentraciju supstrata (mg/dm?), yse ravnoteznu koncentraciju supstrata
(mg/dmd), a yx koncentraciju aktivnog mulja (mg/dm?®). Sorpcija spojeva na &vrstu povr$inu i
ravnotezna koncentracija u vodenom mediju moze se opisati Freundlichovom izotermom prema
empirijskom izrazu danom u jednadzbi 2., gdje je K Freundlichov biosorpcijski koeficijent (dm3/g)
te n, Freundlichova konstanta biosorpcije. Freundlichovom izotermom moZe se opisati proces
sorpcije u visekomponentnim otopinama kao $to su otpadne vode (Aksu, 2001; Yang i sur., 2011).
U ovom radu istrazen je biosorpcijski potencijal aktivnog mulja u fazi endogene respiracije u svrhu
uklanjanja organskih oneéi$¢ujucih tvari iz farmaceutske otpadne vode. Rezultati su opisani su
Freundlichovim modelom.

0 =K 76 @

Materijali i metode

Aktivni mulj i farmaceutska otpadna voda, koji su koriSteni u pokusima biosorpcije, dopremljeni su
iz Uredaja za obradu otpadnih voda s lokacije Savski Marof, Pliva Hrvatska d.o.o. Priredena
pocetna koncentracija aktivnog mulja, izraZzena je preko vrijednosti suspendirane tvari odnosno
koncentracije aktivnog mulja (yx). Koncentracija supstrata, ys, koja predstavlja ukupno oneéi§cenje
otpadne vode iz farmaceutske industrije, izraZzena je preko vrijednosti kemijske potro$nje kisika.
Faza endogene respiracije je postignuta aeriranjem aktivnog mulja tijekom 24 sata. Nakon 24 sata
aeracija je zaustavljena, aktivni mulj je ugu$cen taloZenjem tijekom 3 sata i odekantiran je
supernatant. Provedeni su pokusi biosorpcije u Sarznim uvjetima s pocetnom koncentracijom
otpadne vode yso = 1589,9+161,3 mg/dm?. Podetne koncentracije aktivnog mulja u fazi endogene
respiracije za navedene pokuse iznosile su yxo1 = 3,36 g/dm?, yxo2 = 3,90 g/dm?, yxo3 = 4,94 g/dm?,
yxos = 6,06 g/dm? te yxos = 7,98 g/dm3, oznacene kao X1-X5. Pokusi biosorpcije provedeni su u
Erlenmeyerovim tikvicama od 1,0 dm® na rotacijskoj tresilici s brzinom vrtnje 160 min, pri
temperaturi 23 °C, 30 minuta. Erlenmeyerove tikvice su sadrzavale po 500 cm?® suspenzije aktivnog
mulja u fazi endogene respiracije pocetnih koncentracija od yxo1 do yxes i farmaceutsku otpadnu
vode pocetne koncentracije, yso. Tijekom pokusa u uzorcima su odredivane koncentracije supstrata i
aktivnog mulja (APHA, 2012), toksi¢nost pomoc¢u bioluminiscentne bakterije Vibrio fischeri
(Glinesf i sur., 2008) te je provedena mikroskopska analiza.

318



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Zastita okoli$a / Environmental Protection

Rezultati i rasprava

Biosorpcijski potencijal prikazuje se kao biosorpcijski kapacitet koji je ovisan o uvjetima rada,
koncentracijama sorbata i sorbensa te o temperaturi i pH-vrijednosti. 1z rezultata procesa biosorpcije
farmaceutske otpadne vode s aktivnim muljem u endogenoj fazi prikazanih u Tablici 1. vidljivo je
kako se povecanjem pocetnih koncentracija aktivnog mulja od X1 do X5 smanjuju vrijednosti
ravnotezne koncentracije supstrata. Povecanjem koncentracije aktivhog mulja poveéava se
specifi¢na povr§ina mulja $to omogucava i vecu sorpciju supstrata. Vrijednost ge povecava se sa
smanjenjem pocetnih koncentracija aktivnog mulja, a predstavlja funkciju koncentracije mulja
odnosno ravnotezni sorpcijski kapacitet koji je u linearnoj korelaciji s optere¢enjem mulja (Zhang i
sur., 2014). Povec¢anjem koncentracije aktivnog mulja vrijednosti ge S& Smanjuju jer se smanjuje i
koli¢ina sorbirane tvari po jedinici mase sorbensa. Odnosno, povecava se specifiCna povrsina
sorbensa koja nije u potpunosti iskoriStena $to uzrokuje smanjenje ravnoteznog kapaciteta
biosorpcije (Rajamohan, 2016). Koeficijent iskoristenja, Y, predstavlja koncentraciju biomase po
jedinici uklonjenog supstrata te se raGuna prema jednadzbi 3. iz eksperimentalnih podataka
(Vukovi¢ i sur., 2012):

Y:yXi_yXO (3)
Vso = 7si

U Tablici 1. vidljivo je smanjenje vrijednosti koeficijenta iskoristenja u odnosu na X1-X5. Buduci
da se proces sorpcije temelji na koncentriranju tvari iz otopine na povrsini sorbensa, aktivna
povrsina je jedan od glavnih ¢imbenika koji utjecu na sorpcijski kapacitet sorbensa. Opcenito je
sorpcijski kapacitet sorbensa proporcionalan njihovoj specifi¢noj povr$ini $to znaéi da sorpcija tvari
raste s poveéanjem povrsine (Chojnacka, 2010; Yang i sur. 2011).

Tablica 1. Rezultati procesa biosorpcije farmaceutske otpadne vode s aktivnim muljem u endogenoj
fazi

Table 1. Results of biosorption process of pharmaceutical wastewater treatment with activated
sludge in endogenous respiration phase

Pokus %0, g/dm?3 yse, mg/dm3 Qe, Mg/g Y, g/g
X1 3,36 1619,0 67,56 0,55
X2 3,90 15477 62,14 0,46
X3 4,94 14410 49,73 0,34
X4 6,06 1387,3 34,93 0,26
X5 7,98 12547 15,46 0,17

Promjene ravnoteznog kapaciteta biosorpcije u ovisnosti o koeficijentu iskoristenja za X1-X5 koje
su opisane polinomom drugog stupnja prikazane su Slikom 1. Smanjenjem koncentracije biomase
poveéava se vrijednost ge. Iz jednadzbe polinoma drugog stupnja y = -10,508x? + 134,42x dobiva se
vrijednost za brzinu biosorpcije koja iznosi k=268,8 mg/g h uz zadovoljavajuéu vrijednost R? od
0,945.
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Slika 1. Promjene ravnoteznog kapaciteta biosorpcije i koeficijenta iskoristenja za X1-X5
Fig. 1. Changes in equlibrium adsorption capacity and yield coefficient for X1-X5

Logaritamski oblik Freundlichove izoterme (jednadzba 2.) u procesu biosorpcije prikazan je Slikom
2. Iz dobivene jednadzbe pravca izradunate su Freundlichove konstante K¢ = 4,77 dm®/g i n = 0,17.
Dobivena visoka vrijednost R? od 0,931 ukazuje da se proces biosorpcije moZe se opisati
Freundlichovim modelom. Farmaceutske otpadne vode sadrZe razli¢ite skupine spojeva koji utjecu
na ucinkovitost biosorpcije (Hamon i sur., 2014), pri ¢emu se uéinkovitost navedenog procesa
racuna prema jednadzbi 4.

0 ="50"Ts 100 @
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Ucinkovitosti procesa biosorpcije u ovisnosti o pocetnim koncentracijama aktivnog mulja X1-X5
prikazana je na Slici 3. Iz grafickog prikaza je vidljivo kako je najveéi postotak ucinkovitosti
postignut pri pocetnoj koncentraciji aktivnog mulja yxo3 te je prosjecna vrijednost ucinkovitosti
biosorpcije iznosila 12,5+2,2 % za X1-X5. Ucinkovitost uklanjanja farmaceutika kretala se od 9,0
do 14,6 % S$to odgovara rasponu uklanjanja farmaceutika 6,5-20,0 % (Yang i sur., 2010). Toksi¢ne
tvari mogu utjecati na bioloSku aktivnost sustava za obradu (Deegan i sur., 2011). Slika 4. prikazuje
promjenu utjecaja toksi¢nosti farmaceutskih otpadnih voda i koeficijenta iskoriStenja u ravnoteznim
uvjetima za X1-X5. Na pocetku pokusa, vrijednosti indeksa utjecaja toksi¢nosti, Tlle, kretale su se
izmedu 17,9 i 25,4 za X1-X5, dok su se na kraju pokusa kretale od 9,1 do 13,7 $to prema
definiranoj skali (Gunesf i sur., 2008) ukazuje da su farmaceutske otpadne vode toksi¢ne i vrlo
toksi¢ne ovisno o X1-X5. Do kraja pokusa, toksi¢nost se smanjila u prosjeku na 11,6 + 1,8.
Povecanjem pocetnih koncentracija aktivnog mulja povecava se postotak uklonjenih toksi¢nih tvari
iz farmaceutske otpadne vode (slika 5.) koji se kretao od 40,1 do 60,3 %, odnosno toksi¢nost je niza
u podrudju visih pocetnih koncentracija aktivnog mulja.
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Slika 2. Logaritamski oblik Freundlichove izoterme u procesu biosorpcije
Fig. 2. Logaritmic form of Freundlich isoterm in biosorption process
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Slika 3. U¢inkovitost procesa biosorpcije za poCetne koncentracije aktivnog mulja X1-X5
Fig. 3. Biosorption efficiency for initial concentrations of activated sludge X1-X5
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Slika 4. Promjena toksi¢nosti farmaceutskih otpadnih voda i koeficijenta iskoristenja
u ravnoteznim uvjetima za X1-X5
Fig. 4. Changes in pharmaceutical wastewater toxicity and yield coefficient in equilibrium
for X1-X5
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Slika 5. U¢inkovitost uklonjenih toksi¢nih tvari iz farmaceutske otpadne vode u odnosu na
pocetne koncentracije aktivnog mulja X1-X5
Fig. 5. Removal efficiency of toxic substances from pharmaceutical wastewater in relation
to initial concentrations of activated sludge X1-X5

uklonjene toksicne tvari/ %

322



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Zastita okoli$a / Environmental Protection

Slika 6. Mikrofotografije aktivnog mulja na pocetku (a) i na kraju (b) procesa biosorpcije za X4,
P = 100x
Fig. 6. Microphotographs of activated sludge at the beginning (a) and the end (b) of biosorption
process for X4, M=100x

Mikroskopskom analizom odredivane su morfoloSke karakteristike uzoraka suspenzije aktivnog
mulja. Slika 6. prikazuje mikrofotografije aktivnog mulja na pocetku i na kraju procesa biosorpcije
farmaceutske otpadne vode za po¢etnu koncentraciju aktivnog mulja yxos. Na kraju pokusa pahuljice
aktivnog mulja su homogenije rasprsene kako je prikazano na slici 6.b., na $to su utjecali uvjeti
mijeSanja. U procesu biosorpcije nije do§lo do promjene u morfologiji pahuljica aktivnog mulja
(Bitton, 2011).

Zakljudci

Povecanjem pocetnih koncentracija aktivnog mulja poveéava se njegova specificna povrSina $to
omogucuje vecu sorpciju supstrata. Najveca ucinkovitost procesa biosorpcije tijekom 30 minuta
postignuta je za podetnu koncentraciju aktivnog mulja 4,94 g/dm?® i iznosila je 14,6 %. Pri vi§im
koncentracijama aktivnog mulja postotak uklonjenih toksi¢nih tvari iznosio je do 60,3 %. Proces
biosorpcije se moZe opisati Freundlichovim modelom na §to ukazuje visoka vrijednost R? koja je
iznosila 0,931, uz dobivene vrijednosti konstanti, K¢ i n, koje su iznosile 4,77 dm3/g i 0,17. Aktivni
mulj pokazuje biosorpcijski potencijal u obradi farmaceutskih otpadnih voda $to mozZe znacajno
doprinijeti zastiti okolis$a u cilju zbrinjavanja farmaceutskih otpadnih tokova.

Literatura

Aksu, Z. (2001): Biosorption of reactive dyes by dried activated sludge: equilibrium and kinetic
modelling, Biochem. Eng. J. 7, 79-84.

APHA (2012): Standard Methods For the Examination of Water and Wastewater, 22th Edition,
Washington.

Bitton, G. (2011): Wastewater microbiology, New Jersey, John Wiley & Sons.

Chojnacka, K. (2010): Biosorption and bioaccumulation the prospects for practical applications,
Environ. Int. 36, 299-307.

323



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Zastita okoli$a / Environmental Protection

Cordi, L., Assalin, M.R., Ponezi, A.N., Duran, N. (2012): Identification of microbiota for activated
sludge acclimated by paper mill effluent kraft E; bioremediation, J. Biorem. Biodegrad. 3
(11), 169.

Deegan, A.M., Shaik, B., Nolan, K., Urell, K., Oelgemdller, M., Tobin, J., Morrissey, A. (2011):
Treatment options for wastewater effluents from pharmaceutical companies, Int. J.
Environ. Sci. and Technol. 8, 649-666.

Fomina, M., Gadd, G.M. (2014): Biosorption: current perspectives on concept, definition and
application, Bioresour. Technol. 160, 3-14.

Gadipelly, C., Pérez-Gonzélez, A., Ganapati, D.Y., Inmaculada, O., Ibafiez, R., Rathod, V.K,,
Kumudini, V.M. (2014): Pharmaceutical industry wastewater: Review of the technologies
for water treatment and reuse, Ind. Eng. Chem. Res. 53, 11571-11592.

Giinesf, E.H., Giinesf, Y., Talenie, I. (2008): Toxicity evaluation of industrial and land sources in a
river basin, Desalin. 226, 348-356.

Hamon, P., Villain, M., Marrot, B. (2014): Determination of sorption properties of micropollutants:
What is the most suitable activated sludge inhibition technique to preserve the biomass
structure, Chem. Eng. J. 242, 260-268.

Lefebre, O., Shi, X., Wu, C.H., Ng, H.Y. (2014): Biological treatment of pharmaceutical wastewater
from the antibiotics industry, Water Sci. Technol. 69 (4) 855-861.

Mesquita, D.P., Amaral, A.L., Ferreira, E.C. (2013): Activated sludge characterization through
microscopy: A review on quantitative image analysis and chemometric techniques, Anal.
Chim. Acta 802, 14-28.

Rajamohan, N., Al-saadi, A., Ramachandran, K.P. (2016): Treatment of refinery waste water using
modified sludge—Effect of process parameters, sorbent characterization and kinetic
studies, Desalin. Water Treat. 57, 19741-19749.

Sabi¢, M., Vukovi¢ Domanovac, M., Findrik Blazevié, Z., Mestrovi¢, E. (2015): Kinetika
bioremedijacije farmaceutske industrijske otpadne vode, Kem. Ind. 64 (5-6) 229-236.

Vukovi¢, M., Cosi¢, L., Kugié, D., Kopci¢, N., Briski, F. (2012): Biodegradation kinetics of tobacco-
waste leachate by activated sludge in a sequencing Batch Reactor (SBR), Chem. Biochem.
Eng. Q. 26 (3), 191-198.

Yang, S.F., Lin, C.F., Lin, AY.C.,, Hong, P.K.A. (2011): Sorption and biodegradation of
sulfonamide antibiotics by activated sludge: Experimental assessment using batch data
obtained under aerobic conditions, Water Res. 45, 3389-3387.

Zhang, X., Li, X., Zhang, Q., Peng, Q., Zhang, W., Gao, F.,(2014): New insight into the biological
treatment by activated sludge: The role of adsorption process, Bioresour. Technol. 153,
160-164.

324



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Zastita okoli$a / Environmental Protection

Original research paper

Biosorption kinetics in pharmaceutical wastewater treatment
Monika Sabi¢!", Petra Vukié!, Marija Vukovié Domanovac?, Ernest Mestrovié?

tUniversity of Zagreb, Faculty of Chemical Engineering and Technology,
Department of Industrial Ecology, Marulicev trg 19, 10000 Zagreb, Croatia
2PLIVA Hrvatska d.o.0., Prilaz baruna Filipoviéa 25, 10000 Zagreb, Croatia
“Corresponding author: msabic@fkit.hr

Summary

Biological process with activated sludge is commonly used process for wastewater treatment
because of environmental and economic reasons. Biosorption is physiochemical process of binding
contaminants from wastewater onto the surface of the cell structure of biological material.
Wastewater from pharmaceutical industry may contain contaminants such as raw materials, organic
solvents, intermediates and active pharmaceutical ingredients. Biosorbens in biological wastewater
treatment is activated sludge, which is composed of different types of microorganisms, mainly
bacteria aggregated in flocs.

In this study the role of activated sludge in the removal of organic contaminants from
pharmaceutical wastewater with biosorption was investigated. Experiments were conducted in batch
conditions at different initial concentrations of activated sludge from 3.36 to 7.98 g/dm?, and initial
concentration of pharmaceutical wastewater yso = 1589.9 + 161.3 mg/dm3. Removal efficiency of
toxic compounds ranged between 40.1 and 60.3 %, while the highest efficiency of removed organic
contaminats was 14.6 %. Obtained results were described with Freundlich model, where R? was
0.931, and values of Freundlich constants, Kr and n, were 4.77 dm3/g i 0.17, respectively.

Keywords: biosorption, pharmaceutical wastewater, activated sludge
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Summary

Water protection and water management are key factors in preserving the balance of natural
ecosystems and water resources. Common causes of water pollution are economical activities of
general population, wastewaters, precipitation runoffs from agricultural lands and erosion of
polluted soil. Marshes and swamps slow down the passage of water and enable sedimentation of
particles in the water. By cleaning surface waters there are no pollutants to influence ground waters.
The aim of this paper was monitoring and comparison of physical — chemical parameters of water
quality of flood area Danube — Drava for a time period December 2015 — March 2016 in order to
assess the state of the ecosystem. Water monitoring was conducted using electrochemical and
spectrophotometric methods in five locations: river Drava in Osijek, river Danube in Batina, Aljmas
and Vukovar and Sakada$ lake in natural park Kopacki rit. Following conclusions raised out after
analysis of experimental results. Changes in pH value are connected to the seasonal changes of
water levels. Lake Sakada$§ and river Danube in Batina have significantly higher levels of
conductivity which are declining in the period of research and it can be connected to the rain season
and flooding of the area of Kopacki rit. Dissolved oxygen concentration values are much higher in
lake Sakada$ than in other analyzed locations that could be result of a greater biological activity.
Concentration of ammonium ions is higher at the beginning of the research period which can be
attributed to runoffs of ammonia from the soil, autumnal agricultural activities and short time period
necessary for oxidation. Rise in concentration of nitrates during February in lake Sakada$ could be
caused by rising levels of ground water and flooding of Kopacki rit with Danube water.
Concentration of phosphorus is declining on all locations which could be linked to minor
agricultural activity in analysed time period.

Keywords: water quality parameters, nutrients, water management

Introduction

Water protection and water management are most important factors in preserving the balance of
natural ecosystems and water resources. Common causes of water pollution are human activities
like municipal wastewaters, precipitation runoffs from agricultural lands and erosion of polluted
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soil. Republic of Croatia belongs to water rich countries that are a part of Adriatic and Black sea
basin which have a defined cooperation in water management. The Danube basin, as a part of Black
sea basin, comprises of 18 European countries including the eastern part of Croatia. Kopacki rit is a
marsh area located in the eastern Croatian region of Slavonia and Baranja. It belongs to river Drava
and river Danube basin and is on Ramsar list of important water habitats (Bencina et al., 2010).
Rivers Drava and Danube, underground waters, precipitation, water vapor condensation and water
from old Drava course influence the hydrology regimes of Kopacki rit. Kopacki rit is located in the
middle part of Danube flow and is through natural canal network directly linked to Danube river
which is the reason that Danube has the greatest influence on hydrological regimes of Kopacki rit
(Vidakovi¢ et al., 2011). When Danube water levels raise Kopacki rit is flooded. Waters of river
Drava influence flooding, but do not enter Kopacki rit. Renovo channel is a direct link from Drava
to Kopacki rit but is primarily a way for water to drain from Kopacki rit. Only high water levels
does the water from Drava enter Kopacki rit. Marsh areas, especially flood plains, slow water
passage and allow sedimentation of particles and nutrients. Phosphorus and nitrogen compounds
mainly from agricultural sources are precipitated by chemical and biological processes and used as
food source for plant organisms. Plants and soils play an important role in water cleaning and
removal of high concentrations of phosphorus and nitrogen, sometimes that also includes toxic
compounds. This is of critical importance for downstream areas since it prevents eutrophication and
keeps the water clean for drinking. Complex and ecologically very valuable system of Kopacki rit is
comprised of various aquatic and terrestrial habitats that is a home to many species (Mihaljevi¢ et
al., 1999). In this paper to monitor the water quality the following physical — chemical parameters
have been investigated: pH value, conductivity, dissolved oxygen concentration, nitrates, nitrites,
ammonium and total phosphorus in order to assess ecological state of water in the flood area Drava
- Danube (Figure 1.) in the time period from December 21t 2015 to March 4™ 2016 in following
locations: Drava — Osijek, Danube — Batina, Danube — Aljmas, Danube — Vukovar, Sakadas lake.
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Fig. 1. Flood area Drava - Danube
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Materials and Methods

Obtained samples of water from rivers Drava in Osijek and Danube in Batina, Aljmas and Vukovar
and water samples from lake Sakadas have been analyzed.

Measurements of pH values, conductivity (k) and dissolved oxygen have been conducted using
HQ40d (Hach) portable meter and compatible probes: IntelliCAL digital probe for pH value,
CDC401 — 01 probe for conductivity and LDO101 probe for dissolved oxygen concentration. All
measurements have been conducted on site with the exception of samples from river Danube in
Aljmas which were analyzed the same day in laboratory. Samples were obtained manually using a 1
liter plastic bottle, according to Croatian normative documents for water sampling for human
consumption, underground and surface waters (HRN 1SO 5667-4:2000 Water quality-sampling-part
4: Guidelines for sampling natural and artificial lakes (SO 5667-4:1987), HRN 1SO 5667-6:2000
Water quality-sampling-part 6: Guidelines for sampling rivers and streams (ISO 5667-6:1990)).
Measurements of mass concentration (y) of ammonium, nitrate and nitrite ions and concentration of
total phosphorus have been conducted with DR3900 (Hach) spectrophotometer and ready cuvette
tests. Measurement of total phosphorus was performed by sample digestion in an automatized high
temperature thermostat HT 200 S (Hach) in the laboratory (Skoog et al., 1999; Rupci¢-Petelinc and
Weihnacht, 2005).

Results and Discussion

Water temperature affects movement of molecules, fluid dynamics, concentration of dissolved
gases, metabolism rates of living organisms and other factors. The largest influence on surface
waters temperature has solar radiation (Hauer and Hill, 2006). In addition, water temperature,
conductivity and other physical-chemical parameters of water have a key influence on algal and
invertebrate communities in aquatic ecosystems (Vidakovi¢ et al., 2012). Average air temperature
value in eastern Slavonia and Baranja in December was 2.3 °C with little precipitation, in January
the temperature was 2.0 °C and in February 5.4 °C with large amounts of precipitation. In the
research period the water temperature always was above 0 °C (min. 1.6 °C, max. 11.2 °C). pH
values of all samples were higher than 7.00 (exception is one sample of Danube in Batina). Most
analyzed samples had pH values in the range of 7.80 — 8.70 with average value 8.17 (Figure 2.).
Natural waters contain significant quantities of carbon dioxide and such waters are natural alkaline
due to presence of hydrogen carbonate ion (Tuhtar, 1984.) and our results are in agreement with that
statement. Also, in most natural waters concentration of hydrogen ions depends on the ratio of
carbon dioxide and hydrogen carbonate ion and values of pH are between 4.5 and 8.3. pH values
can be influenced by content of humic compounds, alkaline carbonates, hydroxides, inorganic salts
that are susceptible to hydrolysis and aquatic plant consumption of carbon dioxide (Mihanovi¢ and
Perina, 1982).

Conductivity differed depending on location. Conductivities of the river Drava were the lowest in
comparison to other locations while conductivities of Danube in Aljma§ and Vukovar are a bit
higher and had not changed significantly. Sakadas lake and Danube in Batina measure the highest
conductivities (Figure 3.). In shallow and unpolluted surface waters conductivity can be used as an
indicator of inorganic salts content.
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In industrial wastewaters occurrence of organic acids is possible which results in the higher water
conductivity. In that case, conductivity is a good indicator of organic and inorganic electrolyte
content (Mihanovi¢ and Perina, 1982) and thus we conclude that Danube in Batina and lake Sakadas

have higher electrolyte content.
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Fig. 2. pH-values in the Danube — Drava flood region in the time period
December 21512015 — March 4% 2016
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Dissolved oxygen concentration has a direct effect on aquatic organisms as available oxygen and
indirectly through various biogeochemical cycles. In most unpolluted river systems dissolved
oxygen concentration will be present above 80% saturation (Hauer and Hill, 2006). Concentrations
of dissolved oxygen corresponded to Drava and Danube water temperature and elevated air
pressure. All measured concentrations of dissolved oxygen were greater than 100% oxygen
saturation while the minimal measured concentration of dissolved oxygen was 9.29 mg dm=. On
average value concentration of dissolved oxygen was much higher in Sakadas lake (Figure 4.).
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Fig. 4. Mass concentration of dissolved oxygen in the Danube — Drava flood region in the time
period from December 2152015 — March 4" 2016

Antropogenic activities as burning of fossil fuels, nitrogen fixating crops, usage of mineral
fertilizers and deposition of wastewaters have doubled the amount of nitrogen in global matter
cycles. Dissolved inorganic nitrogen enters aquatic ecosystems as ammonium ion in wastewaters
and as nitrate ion from agriculture activities (Tank et al., 2006). Ammonium ion concentrations
(NH4*-N) were higher in December and January for all locations. This can be attributed to runoffs
of ammonia from the soil, autumnal agricultural activities and short time period necessary for
oxidation of nitrite ion. Later in the research period concentrations of ammonium ions were similar
on all locations (Figure 5.).

Nitrites are an intermediate compound in biochemical oxidation of ammonium to nitrates. Their
presence usually indicates a fecal matter pollution (Mihanovi¢ and Perina, 1982). Concentration of
nitrites changed during the research period on all locations that could be linked to instability of
nitrite ions and their easier oxidation to nitrates (Figure 5.).
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Fig. 5. Mass concentration of ammonium ions in the Danube — Drava flood region in the time
period December 2152015 — March 4™ 2016
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Fig. 6. Mass concentration of nitrite ions in the Danube — Drava flood region in the time period
December 21512015 — March 4™ 2016

Concentration of nitrates (NO3~) differs on all locations and is highest in Batina and lowest in
Sakadas lake. Concentration peaks occurred in February in Sakadas$ lake and could be explained as
a result of flooding with water from Danube and rising of ground waters caused by large amounts of
precipitation (Figure 7.). Tank et al. (2006) conclude that retention of ammonium and nitrate ions in

the ecosystem depends on biotic demand, type of sediment and physical characteristics of
surrounding area.

331



International Conference 16th Ruzicka days
“TODAY SCIENCE — TOMORROW INDUSTRY”
September 21-23, 2016 / Vukovar, Croatia

Zastita okoli$a / Environmental Protection

Periphyton communities in swamps and lakes significantly contribute to removing of large
quantities of nutrients since nutrients cause shift towards development of filamentous algae which
are a base for periphyton (Azim et al., 2005). According to Steinman and Mulholland (2006)
increased deposition of nutrients in waters has lead to impairments like eutrophication, increased
sedimentation, algal blooms and increased amount of pollutants which are successfully removed by
algal and periphyton communities. Limiting nutrient in primary production of aquatic ecosystems is
phosphorus (Correll, 1999). High concentrations of total phosphorus (P) are detected during
December in Danube and Sakada$ lake while low concentrations of total phosphorus are present
during January and February in all locations. These results could be explained with absence of
agricultural activity in these months (Figure 8.). Also, McDougal and Goldshorough (1994)
comment on mechanism responsible for reduction of pollutants in aquatic systems by wetlands
composed of degradation of phosphorus and other chemical species by the large populations of
aerobic and anaerobic microorganisms.
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Fig. 7. Mass concentration of nitrate ions in the Danube — Drava flood region in the time period
December 2112015 - March 4" 2016
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Fig. 8. Mass concentration of total phosphorus in the Danube — Drava flood region in the time
period December 212015 — March 4™ 2016

Conclusions

Changes in pH values were linked to seasonal changes in water levels of Danube, Drava and
Sakadas lake. Higher amounts of precipitation during January and February and higher water levels
of Danube are linked to conductivity decrease in Sakadas lake and Danube in Batina. Dissolved
oxygen concentrations were significantly higher in Sakada$§ lake which is explained by higher
biological activity (photosynthetic organisms). Lowering of ammonium ion concentrations and total
phosphorus concentrations is a result of absent agricultural activity in the winter season.
Concentrations of nitrite and nitrate ions differ on all locations and are a result of nitrite oxidation to
nitrates and changes of water levels and ground water levels, respectively.
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Tihana Maréek", Marija Viljevac Vuleti¢?, Sara Alivojvodié¢?,
Ivan Bakula®, Valentina Spani¢?

LJosip Juraj Strossmayer University of Osijek, Faculty of Food Technology Osijek,
Department of Food and Nutrition Research, F. Kuhaca 20, 31000 Osijek, Croatia
2Agricultural Institute Osijek, Juzno predgrade 17, 31000 Osijek, Croatia
*Corresponding author: tihana.marcek@ptfos.hr

Summary

Fusarium head blight (FHB) caused by fungi Fusarium spp., is a serious wheat (Triticum aestivum
L.) disease that can reduce yield and quality of the grain. Fungi produces mycotoxins that can be
harmful to humans and animals. Plants provide ROS-scavening mechanisms that include both
antioxidative enzymatic and nonenzymatic systems. Enhanced activities of ROS antioxidative
enzymes can be a great indicator of genotype susceptibility under pathogen infestation. The aim of
this work was to investigate the effect of Fusarium spp. in three wheat genotypes (‘Super Zitarka’,
‘Apache’ and ‘Lucija’) through activity of antioxidative enzymes, level of lipid peroxidation, H-O-
concentration and protein content. At the anthesis, ears were inoculated by the suspension of
Fusarium spp. and left under in vivo conditions. After 7 days of treatment in all wheat genotypes,
Fusarium did not cause notable changes in catalase (CAT) activity. Treated ears of ‘Super Zitarka’
showed inhibition of APX activity. At the same time in ‘Lucija’ pathogen induced remarkably
increase in activity of guaiacol peroxidase (POD) and polyphenol oxidase (PPO), decreased H20;
concentration, decline in malonedialdehyde (MDA) content and lower protein content. The
variances in antioxidative response and protein content imply genetic variability of wheat
genotypes, which can cause differences in Fusarium spp. susceptibility.

Keywords: Fusarium spp., wheat genotypes, antioxidative enzymes, lipid peroxidation, hydrogen
peroxide concentratio

Introduction

In nature, plants are often exposed to a number of abiotic and biotic stress factors. The
environmental stresses include a pathogen attack, insects, chemicals, drought, salinity, heat, cold,
ozone and UVB-radiation (Mahajan and Tuteja, 2005). Among them, stress induced by filamentous
fungi from the genus Fusarium is a biotic factor that cause a serious wheat (Triticum aestivum L.)
disease known as Fusarium head blight (FHB). Frequent rainfall combined with moderate
temperature, promote production and dispersal of spores by air flow. In wheat, FHB impedes plant
development, especially development of ears. Infected ears show signs of bleaching while
contaminated grains are often wrinkled with significantly reduced weight. Fusarium graminearum
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Schwabe and Fusarium culmorum (W.G. Smith) Saccardo are considered to be most common
pathogens in wheat (Walter et al., 2010). These species produce secondary metabolites in seeds,
primarily a mycotoxin deoxynivalenol (DON), which are not suitable for consumption by both
human and animals (Fung and Clark, 2004).

Under pathogen infestation, plants activate numerous specific mechanisms that partially restrict
pathogen extracellular and intracellular growth and penetration of the hyphae. Such defence
mechanisms include hypersensitive response (HR), also called plant cell death, recruitment of cell
wall by disposition of building materials and expression of pathogenesis-related proteins (PRS)
(Wang et al., 2005; Zhang et al., 2013). In the early stage of plant-pathogen interaction, plant
produces excessive concentration of reactive oxygen species (ROS), like H202, superoxide (O2°)
and hydroxyl (OH) radicals, highly reactive molecules, that can cause irreversible changes in the
cell like unspecific oxidation of proteins and/or nucleic acids and membrane lipids degradation
resulting in loss of physiological functions (Dat et al., 2000; Miller et al., 2009). Fusarium attack
leads to DON production which contributes to disruption of the integrity of cell membranes,
chloroplasts or ribosomes, inhibits synthesis of proteins and triggers the production of H,0,
(Bushnell et al., 2010; Diamond et al., 2013; Shifrin et al., 1999).

In order to cope with excessive ROS concentration in cell under stress conditions, plant activates
scavenging antioxidative enzymatic and nonenzymatic systems. Non-specific peroxidase (POD),
catalase (CAT) and ascorbate peroxidase (APX) are the most important antioxidative enzymes
(Caverzan et al., 2016 a; Miller et al., 2009) while polyphenol oxidase (PPO) is involved in
nonenzimatic detoxification of ROS by using flavonoids and phenolics as substrates (Boeckx et al.,
2015; Mayer, 2006). Numerous studies emphasize that enhanced activities of ROS antioxidative
enzymes could be a great indicator of genotype susceptibility under pathogen infestation
(Madadkhah et al., 2012; Racchi, 2013; Shahbazi et al., 2010; Sorahinobar et al., 2015).

The aim of present study was to investigate the effect of Fusarium spp. on antioxidative response
(APX, CAT and POD), lipid peroxidation content, H,O, level and PPO activity in wheat genotypes
(‘Super Zitarka’, ‘Apache’ and ‘Lucija’).

Materials and Methods

Field experiment and treatment

In the present study, three wheat genotypes were used: ‘Super Zitarka’, ‘Apache’ and ‘Lucija’. Field
plots were inoculated with mixture of Fusarium graminearum and Fusarium culmorum (first
treatment), and the second treatment were control plots which were left to natural infection. Spray
inoculations were performed in the field at flowering (Zadok’s scale 65) (Zadoks et al., 1974) using
a tractor back sprinkler. Inoculations were performed in the late afternoon and to maintain moisture
on the ears, water was sprayed on several occasions during the day. Ears were sampled after 7 days
of Fusarium inoculation in both treated and non-treated plots. Fresh tissue (250 mg) was
homogenized in 50 mmol/dm? potassium phosphate buffer (pH 7.0) by addition of 0.1 mmol/dm?
ethylenediaminetetraacetic acid, 5 mmol/dm® ascorbate acid and polyvinylpolypyrrolidone,
centrifuged at 14 000 rcf for 30 min at 4 °C and supernatants were used for determination of total
protein content (Bradford, 1976) and enzyme activity.
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Antioxidative enzyme activity

POD activity was measured as peroxidation of hydrogen peroxide with guaiacol as an electron
donor at 470 nm (Siegel and Galston, 1967). CAT activity was estimated by the decrease in
absorbance at 240 nm (Aebi, 1984). APX activity was analysed by monitoring the decrease in
absorbance of ascorbate at 290 nm (Nakano and Asada, 1981). PPO activity was 