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ABSTRACT   
This study evaluates three hybrid electrocoagulation (EC) processes with aluminium electrodes: 
EC-zeolite process (EC+Z), EC-zeolite-ultrasound-assisted process (EC+Z+US), and EC-zeolite-
magnet-assisted process (EC+Z+MAG) for compost wastewater treatment with a large content of 
organic matter. The focus was on evaluating the effects of these processes on the removal 
efficiency of pollutants, including chemical oxygen demand (COD) and turbidity. Additionally, the 
study analysed the pH and temperature variations as well as electrode dissolution and corrosion 
to assess each hybrid process. The results revealed that the EC+Z+MAG process achieved the 
highest COD and turbidity decrease, indicating its superior efficiency in particle aggregation and 
removal. Regarding the pH and temperature, the EC+Z+US experiment exhibited the least changes 
in pH and temperature, while the EC+Z+MAG exhibited the highest. The EC+Z+US showed 
improved sludge recovery due to better particle agglomeration, while reducing electrode corrosion 
compared to other processes. Microscopic analysis indicated that ultrasound assistance reduced 
corrosion damage on the anode, while the magnetic field in the EC+Z+MAG process contributed to 
the formation of a dendritic structure on the cathode. Even though this study highlights the 
effectiveness of combining electrocoagulation with zeolite, ultrasound, and magnetic assistance to 
enhance wastewater treatment efficiency, further optimization of these hybrid processes is 
recommended to balance performance with sustainability and electrode longevity. 
 

 

Keywords:  hybrid electrocoagulation processes; wastewater treatment efficiency; 
electrode corrosion 

Corresponding Author:   
Nediljka Vukojević Medvidović  
University of Split, Faculty of Chemistry and Technology, Split, Croatia 
Ruđer Bošković 35, Split, Croatia  
Tel.: +385 21 329 452; fax: + 385 21 329 461 
E-mail address: nvukojev@ktf-split.hr 

1. INTRODUCTION  
As industrial and technological activities 
continue to expand, the production of 
wastewater with complex compositions has 
escalated, presenting significant challenges 
for both the environment and water 

availability [1]. Effective and economical 
treatment technologies are crucial for 
mitigating these issues and ensuring 
sustainable water management [2,3]. 
Among the various treatment methods, 
electrocoagulation (EC) has emerged as a 
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promising solution due to its simplicity, 
rapid process time, and ability to effectively 
remove contaminants such as suspended 
solids and organic matter [4,5]. EC works by 
using an electrochemical reactor, where 
metal electrodes dissolve anodically to 
generate hydroxides that destabilize and 
aggregate colloidal particles for removal 
through precipitation or flotation [2,4]. 
Despite its advantages, traditional EC 
processes face challenges like electrode 
fouling, corrosion, and high energy 
consumption [6]. To overcome these 
limitations, hybrid processes integrate EC 
with other techniques have attracted 
increasing attention [7]. One of the additions 
in the electrochemical reactor is zeolite, 
which is not only a strong sorbent but also 
reduces electrode fouling and improves 
overall treatment efficiency [8]. Further 
integration of methods such as ultrasound 
and magnetic fields, which can improve 
particle aggregation, presents these hybrid 
systems as capable of yielding better 
wastewater treatment outcomes with 
reduced operational costs and prolonged 
electrode lifespan [9,10]. This study 
compares the three hybrid EC processes: 
EC+Z (EC-zeolite process), EC+Z+US (EC-
zeolite-ultrasound-assisted process), and 
EC+Z+MAG (EC-zeolite-magnet-assisted 
process) conducted using aluminium 
electrodes, by analysing pH and temperature 
change, reduction in chemical oxygen 
demand (COD) and turbidity, sludge recovery 
and electrode mass consumption. 
Additionally, microscopic analysis of the 
electrode surfaces was performed to evaluate 
corrosion and fouling. The goal of this study 
is to give useful information about the 
potential advantages and limitations of these 
hybrid processes, with the objective of 
optimizing the efficiency of wastewater 
treatment systems for both the environment 
and the industry.  
 
2. EXPERIMENTAL  
Compost wastewater: The initial wastewater 
was characterized by pH of 3.95, electrical 

conductivity of 1.9 mS/cm, turbidity of 251.67 
NTU, COD of 1642.06 mg O₂/L, and total solids 
concentration of 3.08 g/L, previously 
reported in the literature [11]. 
Electrodes: aluminium alloy series 2000 
(AA2007) with Al=92.58%, Cu=3.84% was 
used [11]. 
Zeolite (Z): Synthetic zeolite (<40 μm) from 
Alfa Aesar [12] was crushed, sieved, 
granulated, and added at 15 g/L.  
EC-hybrid system setup: Three different 
hybrid process carried out in a 
electrochemical cell equipped with 
aluminium electrodes were investigated: 
EC+Z, EC+Z+US, and EC+Z+MAG. Ultrasound 
was applied by placing the electrochemical 
cell in an ultrasonic bath (Agrolab DU100 of 
40 kHz), while magnetic assistance was 
achieved using a 0.55T NdFeB magnet 
positioned beneath the reactor. The 
experiments were conducted under fixed 
conditions, including a current density of 
0.0182 A/cm², the addition of 0.5 g/L NaCl as 
an electrolyte, an electrode distance of 3 cm, 
at mixing speed of 250 rpm and a contact 
time of 30 minutes. pH and temperature 
were continuously monitored, while the 
reduction in COD and turbidity, sludge 
recovery, and electrode mass consumption 
were measured at the end of the process for 
comparative analysis. Changes in electrode 
mass were determined through weighing, 
while electrode surfaces were analysed 
using a light microscope (MXFMS-BD, 
Ningbo Sunny Instruments Co.) with 50× 
and 200× magnification with bright field 
(BF) and dark field (DF), and a Canon EOS 
1300D camera. 
 
3. RESULTS AND DISCUSSION 
3.1 Performance evaluation of hybrid 

wastewater treatment processes 
The performance of different hybrid 
processes in wastewater treatment was 
evaluated by comparing pH and temperature 
change during each hybrid process which 
reflect the electrochemical reactions and 
energy inputs involved, and reduction of 
COD and turbidity which are crucial 
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indicators of the effectiveness of 
contaminant removal and colloidal particle 
destabilization. The results are compared on 
Figs. 1 and 2.  

During wastewater treatment using different 
hybrid processes, both pH and temperature 
exhibit an increasing trend, although the rate 

 

 

 

 

Figure 1. Comparison of pH values and temperature change during wastewater treatment 
by different hybrid processes 

 
Figure 2. Comparison of COD and turbidity decrease by different hybrid processes 

 
of change varies depending on the process 
(Fig. 1). Evidently, ultrasound – enhanced 
mixing and surface cleaning effects that 
occur during the EC+Z+US, may influence on 
lower increase of pH and temperature. 
Conversely, the EC+Z+MAG showed a higher 
increase in temperature which can be 
attributed to magnetohydrodynamic (MHD).  

The magnetic field interacts effect with the 
electric field between electrode, generating 
Lorentz forces that enhance fluid motion 
and turbulence. This increased mixing 
promotes higher energy dissipation and 
conversion into heat within the 
electrochemical cell.  
Additionally, the movement of charged 
species under the influence of the magnetic 
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field can disrupt their directed movement 
and lead to localized heating near the 
electrodes, further contributing to the 
overall temperature increase [13]. 
The results of COD and turbidity decreases 
percentage highlight differences among the 
hybrid processes. For COD, the EC+Z+MAG 
achieved the highest efficiency at 89.87%, 
followed by the EC+Z at 87.21% and the 
EC+Z+US at 86.49%. For turbidity removal, 
the EC+Z+MAG process also performed the 
best with 80.37%, followed by the EC+Z+US 
process at 73.95% and the EC+Z process at 
67.8%. The superior performance of the 
EC+Z+MAG process in both COD and 
turbidity decrease percentage can be 
attributed to the MHD effect introduced by 
the magnetic field [13,14]. These effects 
enhance mixing, and particle collision rates, 
leading to more effective aggregation of 
colloidal particles, which improves removal 
efficiency. The slightly lower COD decrease 
percentage in the EC+Z+US process might 
result from the ultrasonic energy and 
particle dispersion rather than contributing 
significantly to the generation of additional 
reactive species [15]. However, ultrasound 
likely improves turbidity removal by 
increasing the interaction between particles 
and electro-generated coagulants.   
The comparatively lower turbidity removal 
efficiency of the EC+Z process is likely due to 
the absence of external forces (magnetic 
field or ultrasound), which play a critical 

role in enhancing particle interactions. 
Although synthetic zeolite provides 
adsorption and ion exchange capabilities, its 
effectiveness is limited without additional 
energy inputs to improve particle 
destabilization and aggregation, especially 
in such complex initial wastewater with 
very high organic load. Overall, the 
EC+Z+MAG process demonstrates the most 
effective hybrid approach, particularly for 
applications requiring high efficiency in 
both COD reduction and turbidity removal. 
 
3.2 Sludge recovery and electrode 

consumption for different hybrid types 
Evaluating sludge recovery (combination of 
metal oxides and hydroxides with a bound 
organic part and saturated zeolite) and 
electrode consumption is crucial in 
understanding the efficiency and 
sustainability of different hybrid EC 
processes. These parameters are influenced 
by factors such as particle aggregation, 
fouling effects, and the involvement of 
external factors like ultrasound, magnetic 
fields and zeolite addition. This section will 
compare and analyse the sludge recovery 
and electrode consumption for the different 
hybrid processes, shedding light on the 
interplay between these factors and their 
impact on the overall efficiency of 
wastewater treatment. The results are 
compare in Fig. 3. 

 

 

 
Figure 3. Comparison of: a) sludge recovery; b) electrode consumption for different hybrid types 
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The sludge recovery and electrode 
consumption results for the various hybrid 
processes indicate different trends. The 
highest electrode sludge recovery 
percentage is observed in the EC+Z+US at 
86.85%, which suggests that the ultrasound 
assists in better aggregation and settling of 
the sludge. This can be attributed to the 
increased interaction between particles 
under the influence of ultrasonic waves, 
which enhances the floc formation [16]. In 
contrast, the EC+Z and the EC+Z+MAG show 
lower recovery rates of 77.83% and 78.24%, 
respectively. The slightly higher recovery in 
the EC+Z+MAG process compared to EC+Z 
could be due to the MHD effects, which help 
in the better aggregation of particles, 
although it still does not match the 
performance of ultrasound in sludge 
recovery [13,14]. 
Regarding the electrode consumption, the 
results show the expected trend of higher 
consumption of the anode compared to the 
cathode, as the EC process typically involves 
the sacrificial dissolution of the anode. 
Specifically, the EC+Z shows an anode 
consumption of 0.1929 g, which is slightly 
higher than the EC+Z+US at 0.1857 g, while 
almost identical to EC+Z+MAG at 0.1937 g, 
indicating that the magnet does not 
significantly affect the dissolution rate of 
the anode. On the other hand, the EC+Z+US 
process exhibits the lowest anode 
consumption, likely due to ultrasound-
enhanced mass transfer, which limits ion 
accumulation and fouling near the anode, 
suppresses the formation of aggressive 
microenvironments, and prevents excessive 
anodic dissolution [17].  
Regarding the cathode consumption, it is 
visibly lower than the anode consumption 
across all processes. The EC+Z+US process 
shows the lowest cathode consumption at 
0.0136 g, which is significantly less than the 
EC+Z process (0.0456 g) and the EC+Z+MAG 
process (0.0976 g). The EC+Z+MAG process 

has a notably higher cathode consumption. 
In contrast, the EC+Z+US process 
demonstrates better performance in 
reducing cathode wear, which suggests that 
ultrasound assistance mitigates fouling on 
the cathode surface by enhancing mass 
transfer and reducing ion accumulation, 
ultimately lowering consumption. 
   
3.3 Microscopic analysis of electrode 

surface damage after performance of 
hybrid processes 

The corrosion of electrodes during EC 
processes significantly impacts the 
efficiency and longevity of the treatment 
system. A detailed analysis of the electrode 
surfaces can provide valuable insights into 
the mechanisms driving corrosion and the 
influence of different hybrid processes. In 
this study, the surfaces of the electrodes 
after various hybrid processes, including 
EC+Z, EC+Z+US, and EC+Z+MAG, were 
examined using optical microscopy at 50× 
and 200× magnification with bright field 
(BF) and dark field (DF). By comparing the 
damage to both the anode and cathode 
surfaces, we aim to understand how 
ultrasound and magnetic assistance 
influence corrosion patterns, particularly 
focusing on reducing damage, changes in 
surface structure, and potential 
improvements in electrode performance. 
The results are compared in Figs 4 and 5. 
Microscopic analysis of the electrode 
surfaces after the hybrid processes reveals 
distinct patterns of corrosion damage, 
which vary based on the type of hybrid 
process applied. At both 50× and 200× 
magnification, the images show clear signs 
of damage to both the anode and cathode 
surfaces of the electrodes, with noticeable 
differences between the processes. For the 
EC+Z process, almost the entire surface of 
the aluminium anode was significantly 
damaged, with visible signs of both general 
corrosion and pitting corrosion. 
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Figure 4. Optical microscopic surface analysis of electrodes (magnification 50x, bright 

field BF) after performance of different hybrid types 
 
 

 
Figure 5. Microscopic surface analysis of the electrodes surface (magnification 200x, bright 

field BF, and dark field DF) after performance of different hybrid types 
 

The pitting corrosion, in particular, suggests 
localized areas where metal dissolution 
occurred more aggressively. In contrast, the 
application of ultrasound assistance (US) 

resulted in a reduction of this corrosion 
damage on the anode, indicating that the 
ultrasound helped mitigate some of the 
aggressive anodic dissolution [14]. However, 
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the magnetic assistance (MAG) process 
exacerbated the damage on the anode 
surface, possibly due to the increased 
turbulence and enhanced particle 
interaction, leading to further erosion of the 
anodic material. 
On the cathode surface, after the EC+Z and 
EC+Z+MAG processes, a dendritic structure 
(cracked layer) was observed. This dendritic 
corrosion is likely caused by the cathodic 
reduction of organic compounds, the 
evolution of hydrogen gas, and the 
formation of hydroxide ions (OH−), which 
together chemically attack the cathode 
surface. The dendritic structures, 
commonly associated with metal stress 
under such conditions, were particularly 
evident after the EC+Z+MAG process, 
suggesting more severe cathodic reactions 
in the presence of the magnetic field. 
However, when ultrasound assistance (US) 
was applied, the dendritic structure on the 
cathode disappeared. The reduction in 
dendritic corrosion features under 
ultrasound assistance highlights its role in 
mitigating surface damage and improving 
the overall longevity of the electrodes in the 
treatment process. 
 
4. CONCLUSION  
This study compares the performance of 
hybrid EC processes, namely EC+Z, 
EC+Z+US, and EC+Z+MAG, in wastewater 
treatment, focusing on their effects on pH 
and temperature change, COD and turbidity 
reduction, sludge recovery, electrode 
consumption, and surface corrosion.  
The analysis of pH and temperature trends 
reveals that the EC+Z+US minimizes pH 
increase due to enhanced mixing and 
reduced cathodic reactions, while the 
EC+Z+MAG causes a greater temperature 
rise, attributed to MHD effects and localized 
heating near the electrodes. The EC+Z+MAG 
process exhibited the highest COD and 
turbidity reduction percentage, indicating 
its superior performance in particle 
aggregation and removal. The introduction 

of the magnetic field increased the 
aggregation of particles, though it also 
caused more significant electrode surface 
interaction, leading to slightly higher 
electrode consumption, particularly on the 
cathode. Conversely, the EC+Z+US process 
enhanced sludge recovery and reduced 
electrode corrosion, particularly on the 
anode, compared to other processes. 
Microscopic analysis of the electrode 
surfaces revealed varying degrees of 
corrosion damage across the different 
hybrid processes. The EC+Z process caused 
significant pitting and general corrosion on 
the anode, while the EC+Z+US process 
reduced this damage. On the cathode, the 
EC+Z+MAG process led to the formation of a 
dendritic structure, likely due to aggressive 
cathodic reactions, which was alleviated by 
the ultrasound assistance. 
This study highlights the potential of 
combining electrocoagulation, using an 
aluminum electrode, with zeolite (EC+Z) as a 
baseline process, with additional 
enhancements through magnetic assistance 
(EC+Z+MAG) or ultrasound (EC+Z+US). The 
results indicate that EC+Z+MAG is 
particularly effective for COD and turbidity 
decrease, while EC+Z+US shows promise in 
enhancing sludge recovery and minimizing 
electrode damage. Future research should 
explore further optimization of these hybrid 
processes to balance performance with long-
term sustainability and electrode longevity. 
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