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1 Introduction
Dyes have been known to mankind since ancient times, 
and have been used throughout history and existing cul-
tures to colour various materials. Initially, natural dyes 
were obtained from various sources such as berries, flow-
ers, leaves, roots, bark, wood, fungi and lichens. However, 
the discovery of synthetic dyes in 1856 led to a reduced 
demand for natural dyes over time as the production costs 
of synthetic dyes decreased significantly. Synthetic dyes 
gained prominence not only for economic reasons, but 
also owing to their generally better properties than those of 
natural dyes, and their ease of large-scale production.1,2 For 
example, 12000 hypobranchial glands of Murex Brandaris 
snails are required to isolate 1.4 g of pure natural pigment 
Tyrian Purple, a highly prized and expensive dye in ancient 
times.3,4 Today, there are more than a million commercial 
dyes, with 30 % of them exceeding an annual production 
of 1000 tons.5 Azo dyes are the most commonly used, rep-
resenting approximately two-thirds (70 %) of all synthetic 
dyes in the dye industry.6,7 Synthetic dyes are widely used 
in various fields of human activities, including among oth-
ers, the textile, leather, paper, plastics, food, cosmetics, 
printing, and dye manufacturing industries.7–11

Wastewater contaminated with synthetic dyes presents 
a serious ecotoxicological problem because the dyes are 
designed to be highly stable to chemical and photolytic 
processes. Consequently, they persist in the natural en-
vironment, potentially posing a bioaccumulation risk in 

the human food chain. Moreover, many azo dyes exhibit 
carcinogenic, mutagenic, and allergenic properties. Their 
toxicity generally increases with an increasing number of 
benzene rings in their structure.7,12–14 Thus, the treatment 
of dye-contaminated wastewater is considered one of 
the most challenging tasks concerning environmental and 
health protection.10 Many different techniques are em-
ployed to treat dye wastewater, including adsorption, ozo-
nation, chlorine and advanced oxidation, biodegradation, 
membrane technologies, etc.15–22 One drawback of the 
chemical and physical-chemical methods is the inability to 
stechiometrically add chemicals used for discolouring, ad-
ditionally leading to secondary pollution.19,20 Physical pro-
cesses do not always achieve the discharge limits and are 
associated with high costs.23 The disadvantage of biological 
processes is often related to their long start-up time and 
the need for several post-treatments to completely remove 
organic pollutants.23 

Electrochemical methods are commonly used to remove 
azo dyes from wastewater due to their efficiency, ease 
of performance, and relatively low energy consumption. 
The main electrochemical processes used in wastewater 
treatment include anodic (electrochemical) oxidation, ca-
thodic reduction, electrocoagulation (EC), electroflotation 
(EF), and electrodialysis (ED).5,24–27 All these methods can 
be employed as independent treatment processes or in 
combination with other technologies (chemical, physical, 
and biological), serving as the main treatment process, or 
as a pre- or post-treatment of water treatment. Further-
more, water treatment with electrochemical methods can 
be continuous or discontinuous.28 

EC has received considerable attention in recent years 
owing to its positive features, such as versatility, cleaning 
efficiency, automation, and cost-effectiveness.26–30 In its 
simplest form, an EC reactor comprises an electrolytic cell 
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with an anode and a cathode, which may be constructed 
from the same or different materials. The frequently used 
metals for sacrificial electrodes include Fe, Al, or Zn.28,29,31 
The dissolution of metal anodes results in the formation 
of metal cations, followed by spontaneous hydrolysis re-
actions and the formation of amorphous metal oxides/hy-
droxides/oxyhydroxides that exhibit excellent adsorption 
properties for soluble substances. At the same time, the ca-
thodic reduction reaction produces gaseous hydrogen (H2) 
and hydroxide ions. Hydroxide anions react with the metal 
cations formed at the anode, forming a hydroxide precipi-
tate at a suitable pH, which removes the pollutants through 
the sweep-floc mechanism.29,32 The generated hydrogen 
promotes the flotation of some coagulated contaminants 
to the surface.32 The process involves coagulation of the 
insoluble (oxy)hydroxides with the waterborne contami-
nants, facilitating their removal through sedimentation and 
flotation24,29 

Several authors have previously studied the removal of 
crystal violet (CV) dye.33–35 Mbacké et al. achieved efficient 
crystal violet removal from wastewater solutions through 
EC using aluminium as an anode and stainless steel as a 
cathode. The initial concentrations of CV ranged from 5 to 
200 mg l−1. Colour reduction exceeded 70 % after 15 min 
of EC, with complete removal within 1 h. To achieve the 
maximum removal yield, optimization parameters includ-
ed current density of 250 A m−2, inter-electrode distance 
of 0.5 cm, and a NaCl concentration of 1 g l−1 for ionic 
conductivity regulation.33

Kuleyin and İlhan also investigated crystal violet dye remov-
al by EC using aluminium electrodes while varying electrol-
ysis time, initial pH, electrical conductivity, current density, 
and initial dye concentration.34 They found that, for an 
electrolysis time of 30 min, the dye removal efficiencies 
were 95 and 55 % for the initial dye concentrations of 90 
and 570 mg l−1.

Vijay et al. investigated gentian violet or crystal violet us-
ing a scrap aluminium roofing sheet as an electrode. Equi-
librium was reached after one hour at pH 11, with a re-
moval rate exceeding 90 % at an optimum current density 
of 20 mA m−2.35 While several studies have explored CV 
removal by EC, none have focused on analysing the re-
lationship between the changes at the electrodes and in 
the solution Therefore, this study investigates the effects 
of different initial current densities (0.016, 0.024, and 
0.032 A cm−2) and initial pH values (3.2, 5.5, and 7.0) on 
the changes at the electrodes and in the solution during 
the removal of CV dye by EC. Changes in the solution were 
studied using pH, temperature, electrical conductivity, and 
CV concentration. The electrode weighing method and 
light microscopic examination of the surface were em-
ployed to study the changes on the electrodes.

2 Experimental 
2.1 Electrodes preparation

For CV dye removal by EC, electrodes made of the alloy 
AA 2007 were used. The chemical composition of the alu-
minium electrodes has been published previously.36

Before each experiment, the electrodes were mechanically 
ground with the SiC emery papers from P280 to P800 us-
ing the Metkon Forcipol 1V grinder/polisher, and ultrasoni-
cally washed with 70 % ethanol and deionized water using 
the A-Sonic Pro 30 ultrasonic cleaner.

2.2 Solution dye preparation

The initial CV solution was prepared by dissolving a specif-
ic amount of CV in deionized water to achieve a concen-
tration of 4 mg l−1. To increase conductivity, 2 g l−1 NaCl 
was added to the prepared solution. The initial pH values 
of the solution (pH = 3.2, 5.5, or 7.0) were adjusted by 
adding 0.1 mol l−1 HCl or NaOH solutions.

2.3 EC performance

EC was performed in an electrochemical cell with a con-
stant volume of electrolyte (600 ml) and a fixed distance 
between aluminium electrodes (3 cm). The cell was placed 
on a magnetic stirrer maintaining a constant rotation speed 
at 100 rpm. The Wanptek DPS605U rectifier (60 V, 5 A, 
300 W) served as the DC power source. The EC process 
was performed at various current densities (0.016, 0.024, 
and 0.032 A cm−2 with a constant initial pH of the solution 
at pH = 3.2), and various initial pH values (pH = 3.2, 5.5, 
or 7.0 and a constant current density of i = 0.024 A cm−2). 
Each experiment lasted 50 min. Fig. 1. shows the EC set 
up.

1

2

3
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5

Fig. 1 – EC dye removal set up: 1 – magnetic stirrer, 2 – mag-
netic bar, 3 – electrochemical cell, 4 – CV dye solution, 
5 – electrodes, 6 – DC power supply

Slika 1 – Shematski prikaz aparature uklanjanja boje elektrokoa-
gulacijom: 1 – magnetska miješalica, 2 – magnetsko mi-
ješalo, 3 – elektrokemijska ćelija, 4 – otopina CV boje, 
5 – elektrode, 6 – DC izvor struje

2.4 Solution analysis

Throughout the process, the following parameters were 
measured: pH (using a Metler Toledo Seven Multi pH me-
ter), temperature T (using a Testo 925 digital thermome-
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ter), electrical conductivity κ (using a Schott Handylab LF 
12 conductivity meter), and concentration of CV solution 
c. Concentration was determined using a Perkin Elmer 
Lambda 25 UV/VIS Spectrophotometer. Solution samples 
(volume 10 ml) were collected at the beginning of meas-
urement (representing the initial concentration of the CV 
solution), and subsequently at 5, 10, 15, 20, 25, 30, 40, 
and 50 min. The experimental concentration data were 
employed to calculate the CV removal efficiency, R (%), as 
follows:

−
= ⋅0

0

100tc cR
c (1)

where c0 is the initial CV concentration (mg l−1) in the solu-
tion, i.e., the concentration at time t0, and ct (mg l−1) is the 
concentration at time t. 

2.5 Electrodes analysis

The masses of the electrodes (anode and cathode) were 
determined immediately before and after the EC process 
using the weighing method. The condition of the alumini-
um electrode surfaces after the EC procedures was deter-
mined using a light microscope MXFMS-BD, Ningbo Sun-
ny Instruments Co., with a magnification of 100×.

3 Results and discussion
3.1 Analysis of solution

The changes in pH, temperature (T), electrical conductivity 
(κ), and CV removal efficiency (R) during the EC process at 
different current densities and different initial pH values of 
the solution are presented in Figs. 2–5.

A significant increase in pH value is evident across all test-
ed current densities, especially within the first 30 min of 
the removal process. For example, at the lowest current 
density, the pH value increased from 3.22 to as high as 
8.38 over the 50-minute EC process. As evident from 
Fig. 2b, the final pH values are independent of the ini-
tial pH, reaching a final value of approx. 8.4 in all experi-
ments. Notably, higher initial pH value of the CV solution 
led to faster final pH of the solution.

Under all experimental conditions, the final pH of the solu-
tion was slightly higher than 8, consistent with theoretical 
predictions.37,38 Theoretically, during the EC process, the 
solution pH changes from acidic to alkaline, and a min-
imum pH of 8 is expected at the end of the process.37,38 
Moreover, Chen et al. observed a faster pH increase when 
the initial pH of the influent ranged from 3–6, while the 
increase over time was less pronounced for solutions with 
higher initial pH values, i.e., 8–12.39 One of the most im-
portant reasons for the pH increase under acidic conditions 
is the cathodic reaction of water reduction, leading to the 
formation of hydrogen gas and a corresponding amount of 
OH− ions:37,38

− −+ → +2 22H O(l) 2e 2OH (aq) H (g) (2)

The change in solution pH is further influenced by the 
electrochemical dissolution of the anode, resulting in the 
formation of Al3+ ions:

+ −→ +3Al Al () aq)s 3e( (3)

These ions form the corresponding hydroxides with OH- 

ions: 

( )+ −+ →3
3

Al (aq) 3OH (aq) Al OH (s) (4)

Fig. 2 – Change in pH value of the CV solution during the EC process at: a) different current densities (pH = 3.2), and 
b) different initial pH values (i = 0.024 A cm−2) 

Slika 2 – Promjena pH vrijednosti otopine boje CV tijekom procesa elektrokoagulacije kod: a) različitih gustoća struje 
(pH = 3,2) i b) različitih početnih vrijednosti pH (i = 0,024 A cm−2) 
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The formation of Al(OH)3 near the anode would lead to a 
pH decrease due to OH− ion consumption.28 During the 
coagulation process under the influence of voltage, de-
composition of azo dye and formation of various organic 
compounds, including CO2, may occur. It is also believed 
that the increase in pH is related to the removal of CO2 
from the solution, facilitated by the hydrogen bubbles re-
leased at the cathode.28 The removal of carbonate from the 
solution resulted in a corresponding increase in pH due 
to a shift in equilibrium with carbonic acid following the 
mechanisms:

→2 2(aq) (g)CO CO (5)

→ +2 3 2 2(aq) (g) (l)H CO CO  H O (6)
− ++ →2 2 3(aq) (aq) (aq)HCO H H CO (7)
− + −+ →2

3 2(aq) (aq) (aq)CO H HCO (8)

If the decomposition of the dye yields organic matter with 
a negative charge, it can react directly with Al3+ ions, ulti-
mately leading to an increase in solution pH. In this case, 
the increase in pH is attributed to an excess of OH− ions, 
which would otherwise combine with Al3+ ions to form 
hydroxide.

Fig. 3 shows the temperature change during the EC process 
at different current densities and different pH values of the 
solution. 

Temperature is known to affect the rate of electrochemical 
reactions and the formation of flocs, the solubility of metal 
hydroxides, and the conductivity of the solution during the 
EC process.40 The obtained results indicate a temperature 
increase during the CV dye removal process. Moreover, 
the measured temperatures were higher when applying 
higher current density during EC, aligning with literature 
data.40,41 For example, at the highest current density, the 
temperature increased by ≈ 20 °C (from 22.7 to 40.2 °C), 

along with a significant percentage of CV dye removal (de-
scribed further herein).

With an increase in the solution pH from 3.2 to 5.5 
(Fig. 3.b), a noticeable difference in temperature change 
was observed during EC. However, as the solution pH in-
creased from 5.5 to 7.0, the temperature changes became 
similar, and the curves of temperature changes were al-
most overlapping.

The results in Figure 4a show a slight decrease in electrical 
conductivity of about 0.2 mS cm−1 within the first 5 min, 
after which it remained more or less constant, independ-
ent of current density. This slight decrease in electrical 
conductivity can be associated with CV dye removal onto 
formed flocks, reducing the migration current in the bulk 
of the solution. However, with an increase in solution pH 
to 5.5 and 7.0 (Fig. 4.b), the electrical conductivity of the 
CV solution showed no change during the EC process.

It is noteworthy that at the lowest pH value of 3.2, the 
concentration of hydrogen ions (i.e., hydrated H3O+ ions) 
is higher, resulting in a higher conductivity of the initial 
solution. The increased conductivity of hydrogen ions is 
explained by the jump of a proton from an H3O+ ion to 
the neighbouring water molecule in the direction of the 
electric current, allowing the “relay” travel of the hydrogen 
ion, which is faster than true ionic migration.42,43

To mitigate the reduction in the migration current of elec-
troactive species, an optimal amount of an inert or basic 
electrolyte can be added to the solution at the beginning 
of experiment, in this case NaCl (2 g l−1).42,43

The results of CV dye removal efficiency during the EC 
process at different current densities and pH values of the 
solution are shown in Fig. 5.

The dye removal efficiency increased throughout the pro-
cess in all experiments. Fig 5 shows that removal is favoured 

Fig. 3 – Temperature change of the CV solution during the EC process at: a) different current densities (pH = 3.2), and b) 
different pH values (i = 0.024 A cm−2)

Slika 3 – Promjena temperature CV otopine tijekom procesa elektrokoagulacije kod: a) različitih gustoća struje (pH = 3,2) i 
b) različitih pH vrijednosti (i = 0,024 A cm−2)
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by a higher current and a higher pH value. Excellent results 
were obtained at the highest current density, achieving al-
most 100 % dye removal after 40 min. Increasing the solu-
tion pH also had a beneficial effect on removal. Consider-
ing that the best results were obtained in a slightly acidic 
solution, a further increase in pH had a somewhat negative 
effect on efficiency. Particularly good results were obtained 
at a pH of 5.5, where almost 100 % removal of CV from 
the aqueous solution was achieved after only 30 min.

3.2 Electrodes analysis

The electrode weighing method and a light microscopic 
examination of the surface were employed to study the 
changes on the electrodes.

The consumption of electrode material was determined 
from the difference in the mass of the anode and cathode 

before and after the EC process. The results presented in 
Fig. 6 indicate that both anode and cathode materials were 
consumed under all experimental conditions. The con-
sumption of these electrodes increased with the increase 
in current density and solution pH (up to pH = 5.5).

Regardless of the experimental conditions, the consump-
tion of the anodes was significantly higher than that of the 
cathodes. Anode consumption is expected and under-
standable, intentionally caused by the electrolysis process 
to drive the EC process further. However, the cathode con-
sumption contradicts classical electrochemical kinetics of 
electrode materials (Buttler-Volmer behaviour, where the 
dissolution rate of the material decreases with increasing 
cathode potential).42,43 This behaviour is a consequence 
of the chemical dissolution of aluminium in the form of 
aluminate ions (AlO2

−), which is particularly pronounced 
at higher pH values according to the Pourbaix diagram.44

Fig. 4 – Change in electrical conductivity of the CV solutions during the EC process at: a) different current densities 
(pH = 3.2), and b) different pH values (i = 0.024 A cm−2) 

Slika 4 – Promjena električne provodnosti CV otopine tijekom procesa elektrokoagulacije kod: a) različitih gustoća 
struje (pH = 3,2) i b) različitih pH vrijednosti (i = 0,024 A cm−2) 

Fig. 5 – CV dye removal efficiency during the EC process at: a) different current densities (pH = 3.2), and b) different pH 
values (i = 0.024 A cm−2)

Slika 5 – Učinkovitost uklanjanja CV boje tijekom procesa elektrokoagulacije kod: a) različitih gustoća struje (pH = 3,2) i b) 
različitih pH vrijednosti (i = 0,024 A cm−2)
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The obtained results show that the current density, in 
relation to solution pH, had a greater influence on elec-
trode consumption. Thus, during the EC process at 
i = 0.032 A cm−2, the changes in the masses of the anode 
and cathode were 0.4082 g (anode) and 0.1555 g (cath-
ode).

Different experimental conditions, including current densi-
ty and solution pH, affected the electrochemical processes 
on the electrode materials and altered the appearance of 
their surfaces. The form of corrosion attack can be deter-

mined based on the state of the electrode surface after the 
EC process.

Fig. 7 shows the state of the cathode and anode surfaces 
after the EC process under different experimental condi-
tions. The anode surfaces exhibited significant damage due 
to the intense dissolution, featuring two dominant forms 
of corrosion: general and pitting corrosion. On the other 
hand, the cathodes displayed an extremely rough, wrin-
kled, and cracked surface, indicative of uniform (general) 
corrosion.

Fig. 6 – Consumption of anode and cathode during the EC process at: a) different current densities (pH = 3.2), and b) 
different pH values (i = 0.024 A cm−2) of the CV solution

Slika 6 – Potrošnja anode i katode tijekom procesa elektrokoagulacije kod: a) različitih gustoća struje (pH = 3,2) i b) različitih 
pH vrijednosti (i = 0,024 A cm−2) CV otopine

ANODE

CATHODE

i ⁄ A cm−2 pH
0.016 0.024 0.032 3.2 5.5 7.0

Fig. 7 – State of the electrode surface after conducting the EC process under different experimental conditions
Slika 7 – Stanje površine elektroda nakon provođenja procesa elektrokoagulacije pri različitim eksperimentalnim uvjetima 
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The appearance of both the anode and cathode surfaces 
generally deteriorated with increasing current density and 
solution pH. Thus, a current density of 0.032 A cm−2 and a 
pH of up to 5.5 caused the most significant changes to the 
surfaces of the electrode materials.

4 Conclusion
The removal of CV dye was efficiently carried out using 
the EC process with AA2007 aluminium alloy electrodes, 
employing different current densities ranging from 0.016 
to 0.032 A cm−2, and initial pH values within the range of 
3.2 to 7.0.

Analysis of the solution revealed an increase in pH up 
to 8.38, and a rise in temperature. Electrical conductiv-
ity showed a slight decrease at the beginning of the EC 
process or remained constant, depending on the initial EC 
conditions. Dye removal increased with process duration 
and current density, with the best initial pH of the solution 
being 5.5. Exceptional results were obtained by applying 
the highest current density of 0.032 A cm−2, achieving al-
most 100 % colour removal after 40 min. The influence 
of pH on CV dye removal was more pronounced than the 
influence of current density, with the best results obtained 
at pH 5.5 (almost 100 % removal achieved after 30 min at 
0.024 A cm−2). 

Analysis of the electrodes confirmed that, both anodic and 
cathodic materials were consumed during the EC process. 
While anode consumption was expected due to electro-
chemical dissolution and corrosion, the observed cathode 
consumption aligns with the typical behaviour of Al elec-
trodes.
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List of abbreviations and symbols
Popis kratica i simbola

c – concentration, mg l−1

– koncentracija, mg l−1

CV – crystal violet dye
– kristalno ljubičasta boja

EC – electrocoagulation
– elektrokoagulacija

i – current density, A cm−2

– gustoća struje, A cm−2

R – efficiency, %
– učinkovitost, %

T – temperature, °C
– temperatura, °C

t – time, min
– vrijeme, min

κ – electrical conductivity, mS cm−1

– električna provodnost, mS cm−1
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SAŽETAK
Uklanjanje Crystal Violet boje elektrokoagulacijom – analiza promjena 

na elektrodama i u otopini
Senka Gudić,* Ladislav Vrsalović, Nediljka Vukojević Medvidović, 

Sandra Svilović i Silvia Ivančić

Promatrane su promjene na elektrodama i u otopini tijekom uklanjanja kristalno ljubičaste (crystal 
violet) boje elektrokoagulacijom, izvedene pri različitim početnim gustoćama struje (0,016, 0,024 
i 0,032 A cm−2) i početnim pH (3,2, 5,5 i 7,0). Tijekom procesa elektrokoagulacije, koji je trajao 
50 min, uočene su promjene pH, temperature, električne vodljivosti i koncentracije kristalno 
ljubičaste boje u otopini. Dobiveni rezultati istaknuli su ukupno uklanjanje kristalno ljubičaste 
boje pri najvećoj gustoći struje (potpuno uklanjanje nakon 40 min) i pri početnom pH od 5,5 
(potpuno uklanjanje nakon 30 min). Materijal anodne i katodne elektrode troši se tijekom procesa 
elektrokoagulacije. Potrošnja elektrodnog materijala raste s porastom gustoće struje i pH otopine, 
pri čemu je utjecaj gustoće struje sve izraženiji. Izgled površina elektroda (snimljen svjetlosnim 
mikroskopom) pokazuje da se anode otapaju ravnomjerrno i lokalno tijekom procesa elektrokoa-
gulacije, dok su katode uglavnom podložne ravnomjernoj koroziji.

Ključne riječi 
Elektrokoagulacija, analiza korozije elektroda, početna gustoća struje, početni pH, 
uklanjanje kristalno ljubičaste boje
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