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1 Introduction
Although biowaste composting facilities are recognised as 
an efficient and sustainable solution for biowaste manage-
ment, the leachate produced during composting is usually 
contaminated with soluble and particulate organic matter 
and nutrients.1 Heavy metals and toxic organic pollutants 
(e.g., plasticizers) may also be present, limiting its reuse as a 
fertiliser.2,3 Efficient treatment of compost leachate poses a 
significant challenge due to its high organic load, complex 
chemical composition, and variable amount produced. 
Recently, some authors have combined two or more bio-
logical and/or physicochemical methods as an integrated 
process for leachate treatment.1–3 Hashemi and Khodab-
akhshi4 applied integrated biological and membrane filtra-
tion for treatment of compost leachate with initial COD of 
70–1360 mg l−1. The integrated process was carried out as a 
laboratory-scale SBR equipped with a flat sheet membrane 
in a submerged configuration, achieving a COD reduc-
tion of 80 %. However, with the high membrane loading, 
clogging led to the loss of filtrate flux, requiring frequent 
cleaning and replacement of the membrane. Cakmak-
ci and Ozyaka5 investigated aerobic composting leachate 
treatment by combining membrane processes, consisting 
of centrifuge, cartridge filter, ultrafiltration, and nanofil-
tration membranes. The composting leachate contained a 

very high organic load (COD of 23 900 mg l−1), Cl− and 
NH4

+ ions, while the observed removal efficiency of all 
pollutants fell within the range 4.4–98 %, depending on 
the type of membrane filtration. They found that centrifuge 
treatment is unsuitable as a pretreatment option, as it leads 
to deterioration of membrane performance and increased 
energy consumption.5 Karami et al.6 investigated compost 
leachate treatment using the ferro-sonication process in an 
ultrasonic homogenizer reactor with the addition of ferrous 
sulphate as accelerator agent, and obtained a 46 % reduc-
tion in COD and a 33 % reduction in BOD under optimal 
conditions. They concluded that ferro-sonication is a good 
choice as a pre-treatment step.6 Electrocoagulation com-
bined with zeolite (ECZ) has emerged as an effective solu-
tion for treatment of compost leachate, especially regarding 
the COD and turbidity reduction in moderately polluted 
compost leachate (initial COD equal to 576.92 mg l−1 and 
turbidity 167 NTU), achieving a COD reduction of 85–
92 %, and turbidity removal of 78–99 %.7 The use of waste 
metals as sacrificial anodes,8 the reduction in electricity 
costs through renewable energy sources,9 the cost-effective 
and environmentally friendly addition of zeolites acting as 
adsorbents or ion exchangers in wastewater treatment,10,11 
make these hybrid processes even more attractive. Metal 
anodes made of aluminium and its alloys are preferred for 
electrocoagulation due to their lower standard electrode 
potential and higher corrosion affinity, leading to the for-
mation of metal ions through anodic dissolution.12 

During electrocoagulation, dissolution occurs at the anode 
with the formation of metal ions and oxygen evolution, 
while hydrogen evolution and the formation of hydroxide 
ions take place at the cathode.13–19 The hydroxides formed 
from the metal ions, along with different forms of mono-
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meric, polymeric, and hydroxo complexes, further desta-
bilise the solution pollutants, causing their agglomeration 
and eventual separation through settling or flotation.20,21 
However, the formed hydroxo compounds can lead to 
the formation and accumulation of the electrode surface 
layers, potentially resulting in fouling and passivation.21 Al-
though zeolite particles increase treatment efficiency in the 
ECZ process, zeolite in solution also affects the electrode 
surface by cleaning the formed surface layers during mix-
ing, reducing fouling and electrode passivation, and con-
tributing to uniform dissolution of the anodes.7,22

Previous studies have shown that a larger particle size of syn-
thetic zeolite should be utilised in ECZ, resulting in a smaller 
rise in pH and temperature, a more significant decrease in 
solution turbidity and COD, and reduced electrode con-
sumption; however, with more damage to the electrode 
surface.23 The aim of this study was to investigate whether 
natural zeolite of three different particle sizes has the same 
effect on the ECZ process as synthetic zeolite. Taguchi ECZ 
optimization was conducted under the same conditions as 
for synthetic zeolite,23 using three different electrode ma-
terials (carbon steel, aluminium alloy, and sacrificial zinc 
anode), three particle sizes of natural zeolite ranging up to 
600 µm, a current density in the range 0.003–0.018 A cm−2, 
and contact time in the range 10–30 min. The treatment ef-
ficiency of compost leachate with a very high organic load 
was evaluated by measuring COD and turbidity decrease, 
electrode consumption, and analysing the change in elec-
trode surface using an optical microscope.

2 Experimental
2.1 Samples 

The initial compost leachate solution was obtained 
from the manual household composter C-EcoFor-
Home, and its characterization was previously published: 
pH = 4.03, el. conductivity = 3.54 mS cm−1, turbidi-
ty = 397 NTU, COD = 10427.6 mg O2

 l−1, and total solids 
(TS) = 10.33 g l−1.23 All parameters were determined ac-
cording to standard methods for the analysis of water and 
wastewater.24 The initial solution temperature was 23.7 °C. 

Electrode materials: carbon steel (main elements 
Fe = 98.27 % and Cu = 1.17 %), aluminium alloy AA2007 
(Al = 92.58 %, with copper as the main alloying element, 
Cu = 3.84 %), and commercial zinc sacrificial anodes (main 
elements Zn = 99.31–99.76 %, and Al = 0.1–0.5 %). The 
detailed compositions of each electrode have been pub-
lished previously.7 The electrode surfaces were prepared 
by wet grinding up to P800, and ultrasonic cleaning in a 
mixture of 70 % ethanol and deionised water. 

Natural zeolite (NZ): originated from the Zlatokop deposit 
(Serbia), crushed, and sieved into three different zeolite 
particle sizes in the range up to 600 μm. The chemical 
composition and mineralogical characterisation have been 
given previously.7,25

2.2 Compost leachate treatment with electrocoagulation 
combined with natural zeolite 

The treatment of compost leachate by electrocoagulation 
in combination with natural zeolite of different particle 
sizes (< 90, 90–160, and 160–600 μm) was conducted 
in a batch-type electrochemical cell of 350 ml, using var-
ious materials as electrodes (carbon steel, aluminium al-
loy, and sacrificial zinc anode), current densities (0.003, 
0.009, and 0.018 A cm−2), and contact times (10, 20, and 
30 min), 3 cm distance between electrodes, 100 rpm stir-
ring rate, natural zeolite addition of 20 g l−1, and without 
electrolyte addition. The performance of the ECZ process 
was monitored by measuring pH, temperature, TS, tur-
bidity, and COD. The experimental conditions arranged 
according to the Taguchi orthogonal design are provided 
in Table 1. 

2.3 Electrode consumption and microscopic electrode 
surface analysis

After each ECZ experiment, the metal electrodes were ul-
trasonically cleaned in deionised water for 10 min, dried, 
and weighed on an analytical balance to estimate the mass 
of electrode consumption.

Table 1 – Experimental conditions during each ECZ
Tablica 1 – Eksperimentalni uvjeti provođenja ECZ

Exp. label
Oznaka eksp.

Zeolite particle size ⁄ μm
Veličina čestica zeolita ⁄ μm

Current density ⁄ A cm−2

Gustoća struje ⁄ A cm−2
Electrode material ⁄ –
Materijal elektroda ⁄ –

Contact time ⁄ min
Vrijeme kontakta ⁄ min

D1 < 90 0.003 Fe 10
D2 < 90 0.009 Al 20 
D3 < 90 0.018 Zn 30 
D4 90–160 0.003 Al 30
D5 90–160 0.009 Zn 10
D6 90–160 0.018 Fe 20
D7 160–600 0.003 Zn 20
D8 160–600 0.009 Fe 30
D9 160–600 0.018 Al 10
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The electrode surface was analysed using MXFMS-BD op-
tical microscope, manufactured by Ningbo Sunny Instru-
ments Co., China, paired with a digital camera Canon EOS 
1300D, at a magnification of 100×, using bright field mi-
croscopy mode.

2.4 Taguchi optimisation

The approach developed by Taguchi uses a specially de-
signed orthogonal array consisting of controlled parame-
ters and their variation levels to optimise the experimental 
conditions. The advantage of Taguchi’s method is that the 
experimental conditions can be evaluated with the least 
number of experiments.26 

The orthogonal array for experimental design and signal to 
noise ratio (S/N) for quality assessment are the main con-
cepts underlying the Taguchi technique. The orthogonal 
array is composed of controllable factors and experimental 
combinations.

The controllable factors in this study were zeolite particle 
size (Z), current density (i), electrode materials (M), and 
electrocoagulation contact time (t). As shown in Table 1, 
each controllable factor has three test levels. This combina-
tion and the values of the factors have already been stud-
ied with synthetic zeolite, whereas natural zeolite was used 
in this study.23 For the experimental design shown in Ta-
ble 1, a full factorial experimental design with four factors 
and three levels would require a total of 81 experiments. 
The orthogonal array has the potential to reduce the num-
ber of experiments considerably. In this study, it is reduced 
to 9, which saves time and money. The Taguchi technique 
divides the quality characteristic into three categories: larg-
er-the-better, nominal-the-best, and smaller-the-better. 
Since the purpose of this study was to decrease COD and 
turbidity, a larger-the-better quality characteristic, repre-
sented by Eq. (1), was used.7,22
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S/N is the signal-to-noise ratio, subscript LB means larg-
er-the-better, n is the number of repetitions under the same 
conditions, and y is COD or turbidity decrease determined 
throughout the experiments. In addition to the S/NLB for 
better process definition, the S/N ratio was calculated for 
each level of each controllable factor, as well as the sum of 
squares (SS), mean square (MF), and range. The procedure 
for the calculation is available elsewhere.27 

3 Results and discussion
3.1  Efficiency of electrocoagulation combined with 

natural zeolite of different particle sizes 

The comparison of pH, temperature, total solids in the fi-
nal solutions, and removal efficiency based on the values 
of COD and turbidity during each ECZ experiment is sum-
marised in Table 2.

Table 2 – Comparison of pH (pHfin), temperature (Tfin) and total 
solids (TSfin) in final solutions, and removal efficiency 
based on values of COD and turbidity during each 
ECZ experiment

Tablica 2 – Usporedba pH (pHfin), temperature (Tfin) i isparnog 
ostataka (TSfin) u konačnim otopinama te smanjenje 
KPK-a (COD decrease) i mutnoće (turbidity decrease) 
tijekom svakog ECZ eksperimenta

Exp. label
Oznaka eksp. pHfin Tfin ⁄ °C TSfin ⁄ g l−1 COD

decrease ⁄ %
Turbidity 

decrease ⁄ %
D1 4.25 24.2 8.97 35.88 91.51
D2 5.01 27.6 8.45 37.40 96.90
D3 7.14 36.1 9.06 17.94 98.46
D4 4.11 25.7 8.50 14.89 94.71
D5 4.27 26.8 9.85 16.79 90.88
D6 4.35 27.0 10.74 13.74 92.52
D7 4.24 26.2 9.44 16.79 89.14
D8 4.26 26.2 9.03 10.31 91.46
D9 4.30 32.7 11.25 27.86 93.17

The highest increase in pHfin was observed in experiment 
D3, at the highest current density and on the zinc elec-
trode. Concerning NZ particle size, a smaller NZ particle 
size caused a higher increase in pH. Increase in temper-
ature was also observed, with the highest increase in ex-
periment D3 (reaching 36.1 °C), followed by experiment 
D9 (reaching 32.7 °C), while other experiments showed 
a less pronounced temperature increase (24.2–27.6 °C). 
According to Joule’s law, the amount of heat generated 
during the electrocoagulation (EC) process is proportional 
to the square of the electric current,28,29 which leads to an 
increase in the solution temperature. According to Ilhan et 
al., the temperature rise during the EC process is a conse-
quence of the electrolysis reactions, and depends on the 
applied current density and the electrode type.30 Svilović 
et al. in a previous study showed that the order of the 
temperature rise follows the order of electrode materials: 
Zn > Al > Fe.7 Medvidović et al. found that the addition 
of zeolite reduces the effect of the temperature rise.22 It 
is evident that not only the electric charge, but also the 
electrode material type and the addition of zeolite have an 
influence on the temperature rise. 

TS were generally smaller after the ECZ, except in ex-
periments D6 and D9. With the smallest NZ particle size 
(experiments D1–D3), the greatest COD decrease was 
obtained with the Al electrode in experiment D2. For me-
dium NZ particle size (experiments D4–D6), the COD de-
crease fell in the range of 13.74–16.79 %. For the largest 
NZ particle size, the greatest COD decrease occurred in 
experiment D9 (27.86 %) under the conditions of the high-
est current density and Al electrode. Considering the NZ 
particle sizes, the smallest NZ particle size led to a better 
COD decrease. The decrease in turbidity was significant in 
all experiments, but slightly better with the smallest zeolite 
particle size (experiments D1–D3).
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Compared to previous results carried out with synthetic ze-
olite,23 the largest particle size of both synthetic and natural 
zeolite during the ECZ process led to a smaller increase in 
pH (pH in range 4.24–4.30 with the largest particle size, see 
Table 2). However, better results in decreasing COD and 
turbidity were obtained with a smaller particle size of nat-
ural zeolite < 90 µm (COD decrease in the range 17.94–
37.40 %; turbidity decrease in the range 91.51–98.46 %, 
see Table 2), while with synthetic zeolite, better removal 
was obtained with the largest zeolite particle size of 160–
600 µm.23 The reason for this behaviour can be attributed 
to differences in the mineralogical composition of natural 
and synthetic zeolite, and the complex compost leachate 
composition. Synthetic zeolite contains a compound of so-
dium potassium aluminium silicate hydrate, which belongs 
to the microporous FAU-Faujasite family, characterised by 
channels and cavities accessible even to pollutants with a 
significant molecular size.23 Clinoptilolite with quartz as 
an impurity, is the main mineralogical component in nat-
ural zeolite.25 According to references,31,32 the diameter 
of the entry pores of synthetic faujasite is larger than that 
of clinoptilolite, and thus more accessible to pollutants of 
larger molecular sizes, which are characteristic of compost 
leachate. On the other hand, compost leachate is a very 
complex solution containing organic compounds (high 
COD) as well as nitrogen and phosphorus compounds. Ac-
cording to Zhao et al., the decrease in COD, nitrogenous 
and phosphorus compounds varied with different particle 
sizes of the same material. They found that the removal of 
nitrogen-containing compounds from sewage wastewater 
is favoured by a smaller zeolite particle size, while the re-
duction in COD and phosphorus-containing compounds is 
favoured by the largest zeolite particle size.33 

3.2  Electrode consumption and microscopic electrode 
surface analysis

The mass of anodes and cathodes consumed during ECZ 
experiments is compared in Fig. 1. Higher anode consump-
tion is evident in all experiments, but cathode consump-
tion was also observed, which is consistent with previous 
findings.23 The highest anode consumption of 0.6469 g 

was obtained in experiment D3 (Zn electrode, highest cur-
rent density of 0.018 A cm−2 and longest contact time of 
30 min), while in other experiments it was lower, reaching  
0.0172–0.1224 g. Cathode consumption was significantly 
smaller, ranging from 0.0014 to 0.0181 g. Excluding the 
electrode consumption in experiment D3, the different 
particle sizes of natural zeolite exhibited no significant in-
fluence on electrode consumption. 

The damage to the electrode surface after each ECZ ex-
periment is clearly visible in Fig. 2. It is more evident at 
the anode, consistent with the higher anode consumption 
given in Fig. 1. The general trend shows that the electrode 
surfaces are more damaged in the experiments with the 
largest NZ zeolite particle size of 160–600 µm, although 
the synergistic effect of electrode material type, current 
density, and contact time cannot be neglected. Thus, at 
Al electrode, greater surface damage is visible in the ex-
periments with the smallest and largest particle sizes. The 
largest mass consumption of the electrode also does not 
occur with the largest particles.

Microscopic analysis of the electrode surfaces indicates pit-
ting corrosion on carbon steel and aluminium electrodes, 
while general corrosion on the zinc electrodes dominates. 
This increases as a function of the contact time of the EC 
(10 to 30 min) and the applied current density (0.003–
0.018 A cm−2). However, it is important to mention that 
the microscopic images do not show the entire surface of 
the electrode but only a small part of it (depending on the 
magnification). For this reason, they are better suited to 
determine the form of corrosion damage on electrodes 
(pitting, general corrosion, etc.). To analyse the intensity 
of the attack on the electrode surface, future tests using an 
optical profilometer are needed to determine the depth 
of the damage on the electrode surface, thereby offering 
insights into the intensity of the corrosion processes.

3.3 Taguchi optimisation 

Table 3 shows the S/NLB values calculated with Eq. (1) using 
the COD and turbidity decrease experimental data from 
Table 2. The calculated S/NLB values ranged from 20.26 to 

Fig. 1 – Electrode mass consumption during the ECZ experiments with three different zeolite particle sizes: a) < 90 µm; b) 
90–160 µm; c) 160–600 µm

Slika 1 – Gubitak mase elektroda tijekom ECZ eksperimenata s tri različite veličine čestica zeolita: a) < 90 µm; b) 90 – 160 µm; 
c) 160 – 600 µm
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31.46 % and from 39.00 to 39.87, depending on the com-
bination of controllable parameters for COD and turbidi-
ty decrease, respectively. The values obtained are slightly 
higher than those in the study with synthetic zeolite.23

Table 3 – Calculated S/NLB values for COD and turbidity de-
crease

Tablica 3 – Izračunate S/NLB vrijednosti za smanjenje KPK-a i mut-
noće

Exp. label
Oznaka eksp.

S/NLB for COD 
decrease

S/NLB za smanjenje 
KPK

S/NLB for turbidity 
decrease

S/NLB za smanjenje 
mutnoće

D1 31.10 39.23
D2 31.46 39.73
D3 25.08 39.87
D4 23.46 39.53
D5 24.50 39.17
D6 22.76 39.32
D7 34.50 39.00
D8 20.26 39.22
D9 28.90 39.39

Afterwards the related S/N ratio for each level of each con-
trollable factor was calculated. The results obtained are 
shown in Figs. 3 and 4. The figures indicate that the larg-
est S/N variation occurred with the particle size of natural 
zeolite for both COD and turbidity decrease. Although, as 
mentioned earlier, the turbidity removal is significant in 
all experiments, the influence of the level of the factors 
tested is not significant. This shows that for the following 
levels: Z1, i1, M2, and t1, (i.e., the smallest natural ze-
olite particles used, the lowest current density used, Al 
electrodes, and after 10 min), the greatest COD decrease 
should be achieved. The highest turbidity removal should 
be achieved with the following levels: Z1, i3, M2; and t3, 
(i.e., the smallest natural zeolite particles used, the highest 
current density used, Al electrodes, and after 30 min). 

Examination of the corresponding values for both observa-
tions reveals that a zeolite particle size smaller than 90 µm 
and Al electrodes yield the maximum COD and turbidity 
decrease. Previous studies with synthetic zeolite have also 
shown that Al is the best electrode material for ECZ treat-
ment of wastewater with very high organic load.23 How-
ever, in that study, the ideal particle size was the largest. 
When comparing these two studies, it was noticed that not 
only zeolite particle size, but also its composition influenc-
es COD and turbidity removal. As in the previous study, 
additional factors such as the cost of energy and metals 
for electrodes, along with current density and duration of 
ECZ process should be considered before making the fi-
nal decision. The statistical analysis, Table 4, confirms the 
aforementioned results.

D3-Zn D6-Fe

D8-FeD5-ZnD2-Al

D1-Fe

anode

Al electrode

Fe electrode

Zn electrode

anode

anode

anode

anode

anode

anode

anode

anode

cathode

cathode

cathode

cathode

cathode

cathode

cathode

cathode

cathode

After EC-NZ (<90 μm)Before exp. After EC-NZ (90–160 μm) After EC-NZ (160–600 μm)

D4-Al D7-Zn

D9-Al

Fig. 2 – Comparison of the electrode surfaces before and after each ECZ experiment examined with an optical microscope with 
100× magnification

Slika 2 – Usporedba površina elektroda prije i nakon ECZ eksperimenata ispitanih optičkim mikroskopom uz uvećanje od 100×
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Table 4 – Effect of controllable factors on S/N ratio
Tablica 4 – Utjecaj ispitivanih faktora na S/N omjer

COD decrease
Smanjenje KPK

Turbidity decrease
Smanjenje mutnoće

Factor
Faktor Z i M t Z i M t

DoF 2 2 2 2 2 2 2 2
SS 54.42 1.52 20.97 42.02 0.25 0.11 0.13 0.12
MF 27.21 0.76 10.48 21.01 0.12 0.06 0.07 0.06

Rank 1 4 3 2 1 4 2 3

Z – particle size of natural zeolite, i – current density, M – type of 
electrode material, t – contact time, DoF– degrees of freedom
Z – veličina čestica prirodnog zeolita, i – gustoća struje, M – vrsta 
elektrodnog materijala, t – vrijeme kontakta, DoF – stupnjevi slobode

4 Conclusion
The main conclusion of this research is that, during the 
ECZ process, the smallest natural zeolite particle size and 
Al electrode yield the maximum COD and turbidity de-
crease. These results differ from those obtained with syn-
thetic zeolite, where the largest zeolite particles yielded 
the best results, but also with the Al electrode. This suggests 
that not only the particle size of zeolite, but also its com-
position has an influence on COD and turbidity remov-
al during ECZ. While the Al electrode was recognised as 
the best choice for ECZ, the Zn electrode also achieved a 
satisfactory COD and turbidity decrease with a sufficiently 
high current density and experiment duration, but accom-
panied by a higher increase in temperature and electrode 
consumption. Given the very high organic load in the ini-
tial compost leachate solution, the single-step hybrid ECZ 

Fig. 3 – Main effect plots for S/N ratio for COD decrease – green dot optimal level
Slika 3 – Dijagrami S/N omjera za smanjenje KPK – optimalna razina zelene točke

Fig. 4 – Main effect plots for S/N ratio for turbidity (T) decrease– green dot optimal level
Slika 4 – Dijagrami S/N omjera za smanjenje mutnoće (T) – optimalna razina zelene točke
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process would not lead to a significant reduction in COD. 
However, potential solutions can be found in two-step or 
multi-step hybrid ECZ processes.

Future investigations will focus on a more detailed analysis 
of the organic substances in the compost leachate solu-
tion before and after implementation of the experiment 
using the FTIR technique. Additionally, the electrocoagu-
lant formed will be analysed using XRD and SEM/EDS, and 
the concentration of metal ions in the solution remaining 
after the dissolution of the electrode will be determined to 
study the negative impact on the environment and the liv-
ing world. In addition, innovations related to the reduction 
of electricity consumption in EC process through the use of 
renewable energy and the possible regeneration and reuse 
of zeolite should be tested. All these tests aim to contribute 
to a deeper understanding and improvement of the ECZ 
process.
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SAŽETAK
Učinkovitost obrade elektrokoagulacije kombinirane s različitim 

veličinama čestica prirodnog zeolita
Sandra Svilović, Nediljka Vukojević Medvidović,* Ladislav Vrsalović i Ana Midenjak

Prethodno istraživanje istaknulo je veće čestice sintetskog zeolita kao bolji izbor za provedbu 
hibridnog procesa elektrokoagulacije kombinirane sa zeolitom (EKZ), budući da rezultira manjim 
porastom pH i temperature, znatnijim smanjenjem kemijske potrošnje kisika (KPK) i mutnoće, 
manjom potrošnjom elektroda, no uz veće oštećenje površine elektrode. Cilj ovog rada je ispi-
tati pokazuje li prirodni zeolit triju različitih veličina čestica isti učinak na EKZ proces. Eksperi-
menti su planirani prema L9 Taguchi metodi, s veličinama čestica prirodnog zeolita do najviše 
600 μm, trima različitim materijalima elektroda (ugljični čelik, aluminijske legure i žrtvene cinkove 
anode), gustoćom struje u rasponu 0,003 – 0,018 A cm−2 te kontaktnim vremenom u rasponu 
10 – 30 min. Rezultati Taguchi optimizacije pokazuju znatnije smanjenje KPK i mutnoće primje-
nom čestica prirodnog zeolita manjih od 90 µm i Al elektrode. Očigledno je da veličina čestica 
zeolita, kao i sastav zeolita, znatno utječe na smanjenje KPK i mutnoće. Potrošnja anode je u 
rasponu 0,0172 – 0,6469 g, dok je manja potrošnja katode također uočena na svim materijali-
ma. Analiza optičkim mikroskopom pokazuje značajnu koroziju anoda, a koje su više oštećene s 
najvećim česticama prirodnog zeolita (160 – 600 µm), dok su manja korozijska oštećenja uočena 
i na katodama.
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Hibridni proces, elektrokoagulacija, prirodni zeolit, veličina čestica, učinkovitost obrade
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