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Abstract: This study builds on previous research that investigated the triple hybrid wastewater
treatment system combining electrocoagulation (EC), zeolite (Z), and ultrasound (US), and it exam-
ines the effects of different ultrasonic powers on compost wastewater treatment by analysing several
process parameters. In the first part, two levels of US power intensity, corresponding to 20% and
100% of intensity, with and without zeolite addition, were investigated on three different electrode
materials. Although satisfactory chemical oxygen demand (COD) reduction was obtained (81.42%-
88.90%), better results were obtained for Al and Zn electrodes at 20% US power intensity, while for
Fe better resulted were obtained at 100% US power intensity. Deteriorations of the anodic and ca-
thodic surfaces, which were analysed using optical microscope images at 50x and 200x magnifica-
tion, are generally less pronounced at higher US power intensities. Energy consumption in the range
of 3.86-18.78 kWh/m? showed an increased sequence—Fe < Zn < Al. In the second part, Taguchi
optimisation was used to study the influence of US intensity (0%, 20%, 100%), the electrode materials
(Al, Fe, or Zn), contact time (10, 20, and 30 min), and mixing speed (150, 250, 350 rpm) on COD
decrease, electrode consumption, settling velocity, and voltage (power) consumption. The result
shows that increased US power enhances COD reduction, electrode mass preservation, and voltage
while decreasing the settling velocity.

Keywords: ultrasound power intensity; sono- and zeolite-assisted electrocoagulation; electrode
materials; electrode light microscopic analysis; electrode deterioration

1. Introduction

Water is one of the simplest and most abundant substances in nature, and it is neces-
sary to maintain life on Earth. Industry, agriculture, and urbanisation generate large
quantities of wastewater with a very complex composition that must be treated to be re-
used or safely released into the environment. For this reason, great importance is attached
today to developing efficient and economical wastewater treatment processes [1]. EC is
recognised as an effective and environmentally friendly technology for wastewater treat-
ment because the investment costs are relatively low (small size of the equipment used),
the energy required can be obtained from renewable sources, the use of chemicals can be
avoided (except for the addition of electrolytes to increase electrical conductivity and re-
duce resistance), and a smaller amount of sludge is produced compared to classical coag-
ulation [2,3]. EC is actually the intentional corrosion of sacrificial anodes caused by the
passage of electricity, which releases metal-ion coagulants and forms corresponding hy-
droxides and other monomeric, polymeric, and hydroxo complexes. The electrocoagu-
lants formed further destabilise contaminants in the wastewater solution, allowing for
their agglomeration and easier separation by sedimentation or flotation (aided by the re-
sulting gases formed at the cathode and anode). The stability of EC processes depends
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largely on the pH of the solution and the electrode potential, for which Pourbaix diagrams
(potential-pH diagrams) provide basic information on the possible electrode reaction
types and species formed [4-6]. However, the formed hydroxocomplexes can contribute
to the formation of layers on the electrode surface, which leads to fouling and passivation
[7,8]. The passive layer also leads to slower current flow through the two opposing elec-
trodes, reducing coagulant production and contaminant removal [9]. According to Yang
et al. (2015) [10], the problem of the formation of the passive layer of Al or Fe electrodes
can be reduced by adding sufficient amounts of chloride ions that dissolve the passive
layer or by using alternating current (AC). Adding zeolite particles to the solution and
their mixing can help clean the surface layers formed, reduce fouling and passivation, and
uniformly dissolve the anode [6]. Due to the specific spatial structure of aluminosilicates,
zeolites also act as ion exchangers and adsorbents for various cations and organic pollu-
tants from solutions, while their modified form is also effective in removing anions [11-
14]. Additionally, new research has also confirmed the use of natural zeolite as a coagulant
for the treatment of palm oil mill effluent [15], slaughterhouse wastewater [16], and oil
recovery wastewater from polymer flooding [17]. Recently, the ultrasonic field is com-
bined with electrocoagulation to achieve efficient wastewater treatment and reduce elec-
trode passivation. The propagation of acoustic waves in a liquid medium causes the phe-
nomenon of cavitation. According to Moradi et al. (2020), ultrasonic waves break the pas-
sive layer formed on the electrode surface and generate large amounts of radical species
that remove pollutants by creating high-pressure points in the solution during the cavita-
tion effect [11].

Only a few authors have investigated the effect of US power intensity on the effi-
ciency of EC treatment. Li et al. (2013) found that phosphorus removal efficiency increased
with increasing US from 1 to 4 W/cm? but decreased slightly at the highest US power of 5
W/em? due to the stronger cavitation effect [12]. A horn-type sonolyzer with a frequency
of 24 kHz and an amplitude of 20%-50% was used to investigate the effect of irradiation
intensity on the removal of azo dyes (Congo red, methyl red, and eriochrome black T) by
ultrasound-assisted electrocoagulation. The results show that the decolourization per-
centage was higher at a higher US amplitude intensity as the vibration intensity and, con-
sequently, sonochemical effects increased [18]. He et al. (2016) investigated the effect of
US power in the range of 0-150 W on the removal of RB19 by intermittent sono-EC with
aluminium electrodes and found that the passive film became thinner with increasing US
intensity, resulting in the release of more electrocoagulants [19]. According to Savun-
Hekimoglu (2020), sonochemical reactions are strongly dependent on the intensity of the
sound waves, so although the reaction rate increases with increasing power, the intensity
cannot be increased indefinitely, and optimal values must be determined [20]. Al-Yaqoobi
et al. (2021) found that ultrasound-assisted electrocoagulation technologies with two US
power amplitudes (i.e., 20% and 80%) were efficient for the treatment of dairy wastewater
in the first 20 min of the process, after which electrocoagulation alone was superior. When
comparing the influence of two US power amplitudes, better results were obtained with a
lower ultrasonic power amplitude of 20% [21]. Smokovi¢ et al. (2022) investigated US fre-
quency in two levels (25 and 45 kHz) and US intensity in three levels (10%, 50%, 100%) for
the removal of Mn, Ni, Cd, Cr, and Co. High efficiencies were achieved in the simultane-
ous EC-US process at 45 kHz and 100% intensity, proving that sonoelectrocoagulation is
a promising alternative to conventional treatment methods for heavy-metal-contaminated
water [22]. As evident from the literature reviews above, the number of papers dealing
with the combination of EC and different US intensities is very limited, and they show
different effects on removal efficiency, electrode passive film formation, and electrocoag-
ulant release amount. Additionally, several authors point out that a lower ultrasonic
power amplitude yields better results, suggesting the existence of a threshold point for
ultrasound intensity.

A triple combination (EC, Z, and US) as a hybrid wastewater treatment process,
which is carried out simultaneously and in two stages, was proposed by Svilovi¢ et al.
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(2024) for the first time [23]. A continuous sound frequency of 40 kHz and an US power of
120 W were used as the ultrasound source. The results show that US support does not
significantly reduce COD and turbidity compared to processes without the US. However,
US support contributes to the reduction in voltage and electrode consumption.

This research contributes to the existing findings by further investigating complex
hybrid triple systems based on EC + Z + US carried out simultaneously, specifically focus-
ing on varying ultrasound power levels to treat compost wastewater. This study aims to
provide a more detailed understanding of the system’s feasibility and effectiveness when
combining EC, Z, and US, examining multiple process parameters such as pH, tempera-
ture, turbidity, COD, electrode consumption, EC sludge, zeolite recovery, electrode sur-
face deterioration (via light microscopy at different magnification), settling characteristics,
and cost analysis. The novelty of this work lies in its comprehensive evaluation of different
ultrasound power settings, using Taguchi optimisation to balance conflicting objectives
and determine the optimal operational conditions. By assessing the process from multiple
perspectives, we provide deeper insights into its practicality, feasibility, and cost-effec-
tiveness for real-world applications, creating a more robust framework for hybrid
wastewater treatment systems.

2. Materials and Methods

Wastewater: prepared from commercial Agro compost. Initial physico-chemical pa-
rameters of wastewater were as follows: a pH of 3.95, an electrical conductivity of 1.9
mS/cm, a turbidity of 251.67 NTU, a chemical oxygen demand (COD) of 1642.06 mg O2/L
and a total solids (TSs) content of 3.08 g/L.

Electrodes: Three different electrode materials were used: aluminium alloy series
2000 (AA2007) with aluminium and copper as dominating elements (Al = 92.58%, Cu =
3.84%); carbon steel with iron and copper dominating elements (Fe = 98.27%, Cu=1.17%);
and commercial zinc sacrificial electrodes with zinc and aluminium dominating elements
(Zn = 99.31%-99.76%, Al = 0.1%—0.5%). A more detailed chemical composition of elec-
trodes was published previously [24].

Synthetic zeolite (SZ): purchased from Alfa Aesar, marked as NaX, with density at
293 K equals o =1.1 g cm™. The diffraction pattern confirms that it belongs to the Faujasite
(FAU) family. The powder X-ray diffractometer (PXRD) and SEM-EDS were published
previously [25]. The zeolite was crushed and sieved, and granulation <40 um was used in
this study.

Hybrid processes: Lab electrochemical cell (500 mL) with electrodes pair, immersed
in an ultrasonic bath Agrolab DU100 (ARGO LAB, Carpi, Italy) of 40 kHz and 240 W of
power with adjustable power intensity regulation on five levels, was used to investigate
the influence of two levels of US power intensity (with level 1 and 5 that correspond to
20% and 100% of intensity). For this purpose, three different hybrid processes were con-
ducted at three different electrode materials: EC combined with synthetic zeolite (ECZ),
EC combined with synthetic zeolite and 20% of US intensity (ECZ-USInt-1), and EC com-
bined with zeolite and 100% of US intensity (ECZ-USInt-2). The hybrid treatment was
carried out with a current density of i = 0.0182 A/cm?, NaCl addition of 0.5 g/L, synthetic
zeolite addition of 15 g/L, an electrode spacing of 3 cm, mixing speed of 250 rpm, for 30
min, and without modifying the original pH values. A summary of the conducted exper-
iments and their corresponding settings is provided in Table 1.#

A comparative analysis was conducted on the physico-chemical parameters of pH, tem-
perature, chemical oxygen demand (COD), turbidity, total mass of zeolite and EC sludge,
and voltage and current consumption for each process.

The electrode mass differences were monitored using the weighing technique.

The electrode surface was analysed using a light microscope MXFMS-BD, Ningbo
Sunny Instruments Co. (Yuyao City, China) with a 50x and 200xmagnification. The micro-
scope was equipped with a Canon EOS 1300D digital camera (Oita, Japan) for taking pic-
tures of the surface.
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The settling test of the suspensions after the implementation of the hybrid processes
was carried out using the Kynch standard batch-settling test [26].

Table 1. Summary of the conducted experiments and their corresponding settings.

Exp Mark Electrode Materials Hybrid Process Type US Intensity, %

Al Al ECZ -

A2 Al ECZ-USInt-1 20
A3 Al ECZ-USInt-2 100
A4 Fe ECZ -

A5 Fe ECZ-USInt-1 20
A6 Fe ECZ-USInt-2 100
A7 Zn ECZ -

A8 Zn ECZ-USInt-1 20
A9 Zn ECZ-USInt-2 100

Optimisation by Taguchi: Underneath the Taguchi approach are the basic concepts
of the orthogonal array for experimental design and the signal-to-noise ratio (S/N) for
quality evaluation. The orthogonal array consists of adjustable factors and experimental
combinations. The experiments in this work were designed based on Taguchi’s L9 orthog-
onal array, as outlined in Table 2. The L9 consists of nine rows that define the number of
experiments and four columns that reflect the controllable variables. The influence of US
intensity (0%, 20%, and 100%), electrode materials (Al Fe, or Zn), contact time (10, 20, and
30 min), and mixing speed (150, 250, and 350 rpm) on COD decrease, electrode consump-
tion, settling velocity, and voltage (power) consumption were studied. It is evident that
each controllable factor is associated with three test levels.

Table 2. Design of the experiments using Taguchi L9.

Controllable Factors (Mark)

Hybrid Mixing
Exp. Mark Process US Intensity Electrode Speed (N) Reaction
Type (US), % Materials (M) Per;m ”" Time (t), min
Bl ECZ 0 Al 150 10
B2 ECZ 0 Fe 250 20
B3 ECZ 0 Zn 350 30
B4 ECZ-USInt-1 20 Al 250 30
B5 ECZ-USInt-1 20 Fe 350 10
B6 ECZ-USInt-1 20 Zn 150 20
B7 ECZ-USInt-2 100 Al 350 20
B8 ECZ-USInt-2 100 Fe 150 30
B9 ECZ-USInt-2 100 Zn 250 10

The Taguchi approach employs three quality characteristics: the larger-the-better,
nominal-the-best, and smaller-the-better. As the objective of this work was to determine
the best settings for achieving the greatest decrease in COD and the highest settling speed
while minimising electrode and voltage energy consumption, the larger-the-better and
smaller-the-better quality characteristics were used, respectively. The quality characteris-
tics are expressed by employing Equations (1) and (2) [24].

n 1

=y? Q)
n

S/NLB =-10 log
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where S/N is the signal-to-noise ratio, LB is the larger-the-better subscript, SB is the
smaller-the-better superscript, n is the number of repetitions conducted under the same
conditions, and y is the result obtained from the experiment. Along with the S/Nis and
S/Nss, the percentage of contribution and range were calculated for each level of each con-
trollable element to enhance process analysis.

3. Results

3.1. Treatment Efficiency of ECZ and Sono-ECZ Hybrid Process at Different Electrode Materials
and US Intensity

The combination of electrocoagulation and ultrasound as a hybrid process is based
on the dissolution of positively charged metal ions on electrodes, which neutralise the
repulsive forces between the particles, attract them, and form flocs. At the same time, the
ultrasonic cavitation produces highly reactive and non-specific radicals, which lead to ad-
ditional degradation of the contamination [27]. In addition, while passing through the
medium, ultrasound acts on contaminants through mechanical effects (vibration and
sound flow), thermal effects, and cavitation effects [28]. However, if the ultrasound inten-
sity is higher than the optimal value, the degradation of organic matter may also decrease
[29]. To gain insight into the efficiency of the treatment of the ECZ and sono-ECZ hybrid
process, it is useful to look not only at the final values of the parameters that indicate the
percentage of removal but also at the changes in the classical parameters in the solution
such as pH, temperature, and electrical conductivity, as their variation can provide much
more information about the course of the process, the causes, and the consequences.

The change in pH and temperature during compost wastewater treatment by ECZ
and sono-ECZ hybrid processes at different US intensities and electrode materials are
compared in Figure 1.

The change in pH values and temperature show an increasing trend for all ECZ and
sono-ECZ hybrid processes but with different intensities. The curve of pH change in the
sono-ECZ process of different US power intensities almost overlaps with the ECZ curve
for each material, indicating that the sonication effect does not have a significant influence
on pH change. However, the increase in pH (which is mostly attributed to the generation
of OH- ions dissociated from water at the cathode) [23,24] depends on electrode materials
and follows the sequence Al <Fe < Zn.

Regarding the temperature change, for the hybrid sono-ECZ, a slightly higher tem-
perature rise can be observed when applying the intensity of level 2. This can be related
to the higher temperature rise in the ultrasonic bath, where an increase up to 32-33.1 °C
is recorded depending on the electrode material. According to Asgharian et al. (2016) [29]
and Al-Yaqoobi et al. (2021) [21], the temperature of the solution in the sono-EC process
increases more with increasing amplitude of the ultrasonic power due to the high temper-
ature of the core and the surface of the cavitation bubbles. According to Wang et al. (2019),
with the increase in the US intensity, the collapse of cavitation bubbles achieves more vi-
olently, resulting in higher temperature and higher pressure. On the other hand, the deg-
radation of organic matter also decreases if the intensity is higher than the optimal value
[30]. In addition, due to the higher temperature rise during the sono-ECZ process, the
generation of the dissolved electrode ions increases, while the probability of metal hy-
droxide formation can be reduced as the acoustic waves act on colloidal hydroxides and
damage the adsorption layer on the surface of the colloidal particles [31]. At the same time,
it should be kept in mind that increasing the temperature of the compost wastewater can
trigger additional biodegradation of the organic compounds.
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Figure 1. Influence of US power intensity on change in pH values and temperature during compost
wastewater treatment by ECZ and sono-ECZ hybrid processes for (a) Al electrode; (b) Fe electrode,
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and (c) Zn electrode. (Note: initial pH value and temperature were pHo = 3.95 and To = 21.7 °C,
respectively).

Table 3 summarises the parameters measured during each ECZ and sono-ECZ hybrid
processes at different US intensity and electrode materials. The calculation of COD and
turbidity decrease (%) was performed according to the following equation:

. Cp— Cr
COD/turbidity decrease (%) =

-100 G)
I

where cr and cr are the initial and final values of COD of turbidity in solution (in mg O2/L
or NTU units).

Table 3. Parameters measured during each ECZ and sono-ECZ hybrid process.

Exp Mark COD Decrease, % Turbidity Decrease, TS,

% g/L
ECZ, Al 87.21 67.80 2.055
ECZ-USInt-1, Al 86.49 73.95 1.935
ECZ-USInt-2, Al 86.97 7.62 2.040
ECZ, Fe 85.28 98.45 2.015
ECZ-USInt-1, Fe 85.52 81.94 2.030
ECZ-USInt-2, Fe 88.90 97.95 2.030

ECZ, Zn 81.90 53.11 -

ECZ-USInt-1, Zn 82.63 76.52 2.015
ECZ-USInt-2, Zn 81.42 -9.47 2.245

The results in Table 3 show that increasing the US power intensity does not increase
the COD reduction for the Al electrode (87.21% to 86.49%), while the opposite is achieved
for the Fe electrode (the percentage COD reduction increases from 85.28% to 88.90% when
the US intensity is increased). With the Zn electrode, the best results are achieved when
using the US power intensity level 1, which equals 82.63%. In their study, Al-Yaqoobi et
al. (2021) [21] found that the use of ultrasound along with electrochemical (EC) with alu-
minium (Al) electrodes has a detrimental effect on the colloids of aluminium hydroxide.
This effect leads to the easy desorption and return of pollutants that are adsorbed on the
aluminium hydroxide to the solution. Namely, they also found that process duration
when ultrasound is applied can have either a positive or negative impact. The influence
of microbubbles produced by sonication during the first 20 min of the treatment is bene-
ficial due to the enhanced floc flotation. However, the subsequent reduction in the removal
efficiency in the ECZ-US system most likely stems from the impact of ultrasound on col-
loidal hydroxides and damage of the adsorption layer at the surface of the colloidal parti-
cle, during which desorption of the pollutants can occur [21]. However, this was not ob-
served at the Fe electrode, which agrees with the previous study [31]. According to Oz-
noyar et al. (2020), the AI(OH)s flocks are more affected than Fe(OH)s due to the larger
specific surface area [32]. As far as we know, there has been no investigation of sono-EC
with Zn electrodes.

Although all hybrid processes achieve a substantial reduction in COD (ranging from
81.42% to 88.90%), the final COD values in solution (ranging from 182.25 to 305.07 mg
O2/L) still exceed the maximum allowable limit of 125 mg O/L [33]. This suggests that
further treatment processes will be necessary before these solutions can be discharged into
the sewage system.

Regarding the decrease in turbidity, the best results were obtained with the Fe elec-
trode, without US (98.45%) and with 100% US power intensity (97.95%). With Al and Zn
electrodes, the best results are obtained with 20% of US power intensity (73.95% and
76.52%, respectively). However, when applying 100% of US power intensity at the Zn
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electrode, it negatively affected the reduction in turbidity, resulting in an increased final
turbidity value. Thus, the percentage of turbidity decrease achieved negative value
(-9.47%).

In terms of the chemical components removed from compost wastewater, it is well
known that compost wastewater is typically polluted with soluble and particulate organic
matter, as well as nutrients, indicating a high organic content and complex chemical com-
position [34]. The initial organic matter content, as indicated by COD values, primarily
consists of humin, humic acids, and fulvic acids, which are present in both dissolved and
colloidal forms in compost leachate [34,35]. Mullane et al. (2015) also confirmed that dis-
solved organic compounds in compost leachate from bioretention systems primarily con-
sist of aliphatic and aromatic components typical of fulvic and humic acids [36]. The dif-
ference in COD between humic acid and fulvic acid arises from the strength of the chem-
ical bonds within each compound, resulting in a higher COD for humic acid than for fulvic
acid. In this regard, the removal of humic acid from solution has been more extensively
studied [35]. It is also known that the removal mechanism of humic acid by EC is related
to pH, as it affects both the in situ formation of electrocoagulant hydrolysis species and
the surface charge of humic acid molecules [37-39]. S. Kourdali et al. (2014) proposed two
mechanisms for humic acid removal during EC treatment with Al electrodes, based on
neutralisation—precipitation effects or sweep coagulation/floc formation. Additionally,
FTIR spectra and HPLC analyses show that the humic acid molecules did not undergo
any structural modifications during EC removal [39]. According to Mahvi et al. (2009),
ultrasonic treatment alone is not an efficient method for the degradation of humic sub-
stances [40]. However, when US of different frequencies and intensities is combined with
EC, humic acid removal can result in either synergistic or antagonistic effects. Our results
indicate that this effect also depends on the electrode material. Increasing the intensity of
US on Al electrodes results in an antagonistic effect. Similar findings were reported by
Asgharian et al. (2016), where the combined use of EC and US led to lower humic acid
removal, as the US waves caused coagulated humic acid to dissolve back into the solution,
thereby reducing overall removal efficiency [29]. By contrast, using Fe electrodes pro-
duced the opposite effect, while with Zn electrodes, the threshold was reached at 20% US
power intensity. The turbidity removal results followed a pattern similar to COD reduc-
tion.

Values of TS after the application of ECZ and sono-ECZ with different US intensities
and electrode materials slightly oscillate in the range of 1.935-2.245 g/L, depending on the
experimental condition. However, they are generally lower compared to initial TS values
of compost wastewater of 3.08 g/L.

In their study, Roy et al. (2018) [34] compare different technologies for the treatment
of compost leachate, ranging from biological (biofilters, anaerobic bioreactors with poten-
tial for biogas production, membrane bioreactors (MBRs), and wetlands), physico-chemi-
cal (coagulation—flocculation, electrocoagulation, flotation, and filtration) and advanced
wastewater treatment technologies (focusing on advanced oxidation processes (AOPs)
with ozone used alone or in combination with H20: or persulfate, Fenton, Photo-Fenton
and UV/TiOz). Compared to the results obtained in this study, where COD reduction is
between 81.42% and 88.90%, several other technologies achieve better results. In the first
place, membrane technologies (ultrafiltration (UF)/nanofiltration (NF), coagulation/NF,
lime precipitation/UF/reverse osmosis (RO), and microfiltration/UF/RO) achieve a COD
reduction of more than 95%, even with a very high initial organic load of feed wastewater.
A similar result was achieved by applying electrocoagulation—flocculation with Al elec-
trodes, where 96% COD reduction was achieved at a very high initial COD load (14.5 g/L).
The highest COD reduction and ammonia nitrogen removal (99.7% and 99.9%, respec-
tively) were achieved with the MBR configuration. Among the AOPs, the Os/persulphate
technology achieved the highest COD reduction of 87%. It could be observed that tech-
nologies combining EC, Z, and US are less efficient than some other technologies. How-
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ever, in the final application, the appropriate technology selection is based on the percent-
age of COD reduction and other factors, such as overall cost and the simplicity of design
and operation. In this respect, technologies that propose a triple combination of EC, Z,
and US still have great potential.

3.2. Analysis of Electrode Mass Change and EC Sludge Recovery

Before and after each hybrid process, the mass of the electrodes was measured. The
acquired results were utilised to compute electrode consumption through a change in
mass. Figure 2a shows comparisons of electrode consumption values for each hybrid pro-

cess.
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Figure 2. Influence of US power intensity and electrode materials on (a) electrode consumption; (b)
EC sludge recovery during compost wastewater treatment by ECZ and the sono-ECZ hybrid pro-

cess.
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The results in Figure 2a show that an increase in US power intensity only slightly
reduces the anode consumption made of Al and Fe, while at the Zn electrode, anode con-
sumption is more reduced. Cathode mass changes (increase and decrease) are also evident
and dependent on applied US power intensity and electrode materials. More about sur-
face changes on electrodes will be discussed in Section 3.3: Light Microscopic Analysis of the
Electrode Surface.

Collected EC sludge includes the saturated zeolite and sludge produced during the
EC process (oxide/hydroxide precipitates formed by electrocoagulation). Taking into ac-
count that 15 g/L of zeolite was added during each process and that the mass of produced
EC sludge varies in the range of 0.1-1.75 g/L of treated compost wastewater [41], depend-
ing on the initial composition of the solution, the type of electrode material, and the EC
working conditions, recovery of EC sludge is in the range of 52%-88%. Among electrode
materials, the best EC sludge recovery is obtained with Al electrodes, and recovery in-
creases with increasing US intensity (from 78% to 87%). The lowest recovery is with Zn
electrodes (52%-66%). Applying ultrasonic (US) intensity benefits the zinc (Zn) electrode
only when applied at intensity level 1, which is equivalent to 20% of the US intensity.
When using Fe electrodes, increasing the intensity of ultrasonication does not improve EC
sludge recovery.

3.3. Light Microscopic Analysis of the Electrode Surface

The results of analysing the surface of the electrodes with a light microscope at dif-
ferent magnifications (50x and 200x) after each process are shown in Figures 3 and 4.

In order to analyse the corrosion damage on the electrode surface in more detail, mi-
croscopic images are shown at 200x magnification in bright field and dark field mode.
Dark-field obtains greater resolutions than bright-field microscopy, thus presenting the
samples in greater detail.

Anode

Cathode

Anode

Cathode

Anode

Cathode

ECZ.Zn  ECZ-USInt-1,Zn ECZ-USIt-2, Zn

Figure 3. Electron microscopic surface analysis of electrodes (magnification 50x, bright field BF) after
ECZ and sono-ECZ hybrid with different US power intensity and electrode materials.
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Figure 4. Microscopic surface analysis of electrodes surface (magnification 200x, bright field BF, and
dark field DF) after ECZ and sono-ECZ hybrid with different US power intensity and electrode ma-
terials.

Optical microscope images (at 50x and 200x magnification) clearly show damage to
both the anode and cathode surfaces of all electrode materials, which is generally less
pronounced at different US intensities. Almost the entire surface of the Al anode was dam-
aged during the ECZ process, and general and pitting corrosion is visible. The application
of the US led to a reduction in the damage to the anode to some extent. After the ECZ
process, the dendritic structure (cracked layer) of the aluminium cathode surface can be
observed, which is probably the result of the cathodic reduction in organic compounds,
together with the intense hydrogen evolution and the formation of OH- ions, which can
chemically attack the cathode surface. With the influence of the US, the dendrite structure
disappears completely.

Pitting corrosion is easily visible both on the surface of the Fe anode and cathode, as
well as uniform corrosion on the anode. Brown-yellow areas around the pits indicate the
formation of corrosion products from iron oxides. Higher US intensity leads to the com-
plete disappearance of yellow areas on both electrodes, while the pitting damage is still
visible, especially on the cathode. Damages on Zn anodes are highest after the ECS pro-
cess, which are reduced to some extent using ultrasound.

The obtained results confirmed the hypothesis in the literature that ultrasound has a
dual effect, which was attributed to different influences on the anode and the electrolyte
[42,43]. On the anode, the ultrasonic vibrations promoted the desorption of the bubbles
and ion migration, which led to the growth of the surface film [42—-44]. This may be the
reason for the slightly lower mass loss of all anodic materials in the experiments with
ultrasound. However, the effect of ultrasonic cavitation in the electrolyte reduces the con-
centration gradient of the charged particles and intensifies the process of floccule for-
mation [42]. This is in accordance with the obtained results, namely in the presence of
ultrasound waves, when the ultrasound was focused on the electrolyte, which was at-
tributed to the effect of ultrasonic cavitation, which reduced the concentration gradient of
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charged particles and inhibited mass transfer, resulting in the foaming of oppositely
charged particles in the area between the electrodes [42—44], which promotes flocculation
and coagulation.

3.4. Settling Velocity

The results of the settling tests performed by the classical Kynch method are shown
in Figure 5.

30 30 30
55 ——ECZ, Al 55 ——ECZ, Fe ’s
ECZ-USInt-1, Al ECZ-USInt-1, Fe
ECZ-USInt-2, Al ECZ-USInt-2, Fe
20 20 | 20 —e—ECZ.7n
. e | - ECZ-USInt-1, Zn
S5 S 15 |) S 15 ECZ-USInt-2, Zn
b= z * £
10 0|} 10
5 5 \\L 5
I :
0 0 0 '
0 10 20 30 0 020 30 0 o2 30
t, min t, min t, min
(a) Al electrodes (b) Fe electrodes (c) Zn electrodes
Figure 5. Settling curves of suspension after ECZ and sono-ECZ hybrid with different US power
intensity and electrode materials.

Settling curves of suspension after hybrid processes of EC with different US intensity
and electrode materials show good settling abilities (characterised by good separation of
solid and liquid phases) for all experimental conditions except for the Zn electrode after
application of US intensity level 2. However, the solution is very cloudy, and the percent-
age of turbidity decrease achieves a negative value, most likely due to floc breaking
(-9.47% —see Table 4).

Table 4. The comparison of calculated electrode and energy cost.
Experiment U, Cenergy, Celectrode, Celectrode, (Faraday) Operating Cost
Mark \Y% kWh/m? kg/m? kg/m? eur/m?
ECZ, Al 21.63 18.78 0.39 0.29 2.822
ECZ-USInt-1, Al 21.59 18.74 0.37 0.29 2.772
ECZ-USInt-2, Al 20.35 17.67 0.36 0.29 2.639
ECZ, Fe 15.37 5.87 0.41 0.40 0.977
ECZ-USInt-1, Fe 12.32 4.71 0.40 0.40 0.847
ECZ-USInt-2, Fe 10.11 3.86 0.39 0.40 0.750
ECZ, Zn 18.74 14.07 1.09 0.92 2.546
ECZ-USInt-1, Zn 20.30 14.78 1.05 0.92 2.580
ECZ-USInt-2, Zn 20.73 15.57 0.73 0.92 2.341

3.5. The Operational Cost of Sono-Assisted Zeolite-Based EC Hybrid Processes

The operating costs of the process include all costs such as materials and energy costs,
chemical reagents, waste sludge disposal, labour, maintenance, and equipment costs [45—
47] As the most important parameters are electrode materials and electrical energy con-
sumption, focus will be on its calculation, according to Equation (4):

Operating cost = a X Cenergy + b X Celectrode 4)
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where Cenergy, Celectrode, a, and b are energy consumption per cubic metre of wastewater

(kWh/m?), consumed electrode for treatment of a cubic metre wastewater (kg/m?), approx-

imate cost of materials (2.25 euro/kg Al sheet [48,49], low carbon steel 0.9 euro/kg [50], and

Zn anode 1 euro/kg [51]), and electricity price at 0.1035 euro/KWh [52], respectively.
Consumption of energy is calculated according to the following (5):

UxIXt

Cenergy = T ()

where U, I, and t stand for the average voltage of the EC system (U), electrical current
intensity (I), and reaction time (f), respectively, and V is the volume of wastewater.

Electrode consumption is calculated from the mass lost during the EC process (Figure
2a). The results are shown in Table 4. For comparison, the table also shows the results of
the theoretical material consumption calculated according to Faraday’s laws.

The values of the applied current and voltage vary depending on the experimental
conditions of the ECZ and sono-ECZ hybrid processes. However, by applying ultrasound
with two different power levels of intensities to the Al and Fe electrodes, the voltage con-
sumption decreases slightly, while the opposite behaviour was observed for the Zn elec-
trodes. According to Al-Rubaiey and Al-Barazanjy (2018) [31], the applied voltage controls
both the rate of coagulant dosing (in situ by dissolving the electrode) and the production
and formation of bubbles and, consequently, the growth of flocs. Obviously, the situation
varies depending on the electrode material.

Energy consumption is highest in experiments with Al electrodes (between 17.67
kWh/m3 and 18.78 kWh/m?3), then with zinc electrodes (between 14.07 kWh/m3 and 15.57
kWh/m?3), and is lowest with Fe electrodes (between 3.86 kWh/m?3 and 5.87 kWh/m?3). When
different US intensities are applied, energy consumption decreases with Al and Fe elec-
trodes, while the opposite effect is observed with Zn electrodes. As can be seen from Table
4, experiments with Zn electrodes show higher electrode consumption, while the con-
sumption of Al and Fe is significantly lower. The total electrode material consumption of
Al is higher than the theoretical value, which is a consequence of electrochemical and
chemical reactions that contribute significantly to the dissolution of aluminium electrodes
to generate coagulant Al** in the EC process. A similar result was observed in previous
findings, known as super-faradaic efficiency [46,53,54]. When using Fe and Zn electrodes,
these differences are less pronounced. In the ECZ-USInt-2 experiment with a Zn electrode,
the consumption of the electrode calculated from the mass lost during the EC process is
20.65% lower than the theoretical consumption of the electrode calculated according to
Faraday’s laws. Table 4’s results demonstrate that an increase in US intensity leads to a
decrease in the electrode consumption based on lost mass, regardless of the electrode ma-
terial.

The efficiency and cost-effectiveness of electrocoagulation (EC) in comparison to tra-
ditional treatment methods, including chemical coagulation, have been investigated in
previous studies [55,56]. Eskibalci and Ozkan (2018) evaluated the operational costs of EC
with two different electrodes versus conventional coagulation methods using various co-
agulants for dewatering in coal preparation plants. Their findings showed that EC oper-
ating costs were 22.2% lower than those of chemical coagulation, with comparable re-
moval efficiency [55]. Similarly, Moosavirad (2016) compared the unit costs of EC with an
aluminium electrode to those of other treatment methods for grey water, demonstrating
that EC was more cost-effective than both coagulation and biological treatment combined
with microfiltration, UV filtration, and ozonation, or ultrafiltration [56].

It is important to note that determining the most effective technology requires com-
paring treatments for similar effluent types, as these vary in source, volume, pollutant
concentration, and specific treatment requirements. Direct comparisons are challenging
to find, and tables summarising the treatment of various wastewater types using EC and
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similar techniques are more commonly available. For example, Morradi et al. (2021) re-
viewed recent studies on pollutant removal using sono-electrocoagulation, reporting en-
ergy costs (in USD/m?) ranging from 0.104 USD/m? for dispersed dye removal in synthetic
wastewater to 6.28 USD/m? for COD reduction in oil tanning wastewater [11]. In this
study, the calculated operating costs for sono- and zeolite-assisted electrocoagulation (ex-
pressed in EUR/m?) fall within this range, from 0.750 EUR/m?3 to 2.822 EUR/m?.

Summarising the discussion given in Sections 3.1-3.5, and taking into account the
satisfied values of COD and turbidity decrease, the electrode consumption and its surface
deterioration, settling abilities of suspension, and the amount of EC sludge and zeolite
collected after each experiment, as well as the electricity and electrode cost, the results
highlight the finding that electrocoagulation with the use of iron electrodes with 100% of
ultrasound power intensity for a process duration of 30 min, rotation speed of the mixer
at 250 rpm, and synthetic zeolite granulation <40 um is best to use.

3.6. Taguchi Optimisation

As a way to optimise the coupled process of ECZ with and without ultrasound, a
new series of nine experiments, shown in Table 2, were conducted to assess the impact of
US intensity, electrode materials, mixing speed, and time on COD decrease, electrode con-
sumption, settling velocity, and voltage consumption. Tables 5 and 6 present the experi-
mental results of these studies and the values of S/Nis and S/Nss ratios calculated by Equa-
tions (1) and (2). Furthermore, the signal-to-noise ratio of each factor was also computed
(S/N ratio), just as the contribution percentage (pC). The contribution percentage assists
in identifying the factors that strongly influence the result of the examined process. An
important role of these values is to assess the significance of the tested factors in achieving
the intended outcomes of the process. The computing methods’ formula is provided else-
where [57].

Table 5. Average values of experimental results for Taguchi analysis.

Experimental COD Settling Loss of Voltage,
Conditions Decrease, % Velocity, cm/min Electrodes Mass, g \Y%
ECZ, Al 150 rpm, 10 min 79.34 2.857 0.0614 22.05
ECZ, Fe, 250 rpm, 20 min 84.92 1.426 0.1417 12.05
ECZ, Zn, 350 rpm, 30 min 82.55 1.452 0.5453 20.7
ECZ-USInt-1, Al 250 rpm, 30 min 87.64 1.177 0.1658 9.07
ECZ-USInt-1, Fe, 350 rpm, 10 min 77.58 0.017 0.0802 14.51
ECZ-USInt-1, Zn, 150 rpm, 20 min 78.12 0.025 0.3080 17.47
ECZ-USInt-2, Al, 350 rpm, 20 min 86.69 0.007 0.1294 16.28
ECZ-USInt-2, Fe, 150 rpm, 30 min 86.55 0.966 0.2199 17.12
ECZ-USInt-2, Zn, 250 rpm, 10 min 77.23 0.007 0.2077 18.53

Table 6. S/Nis and S/Nss ratios.

. S/Ns Ratio S/Nis Ratio S/Nss Ratio .
Experimental ) S/Nse Ratio
. COD Settling Loss of Electrodes
Conditions . Voltage
Decrease Velocity Mass

ECZ, Al, 150 rpm, 10 min 37.989 9.118 24.237 -26.87
ECZ, Fe, 250 rpm, 20 min 38.580 3.082 16.973 -21.62
ECZ, Zn, 350 rpm, 30 min 38.334 3.239 5.267 -26.32
ECZ-USInt-1, Al, 250 rpm, 30 min 38.854 1.416 15.608 -19.15
ECZ-USInt-1, Fe, 350 rpm, 10 min 37.795 -35.391 21.917 -23.23
ECZ-USInt-1, Zn, 150 rpm, 20 min 37.855 -32.041 10.229 -24.85
ECZ-USInt-2, Al, 350 rpm, 20 min 38.759 -43.098 17.761 -24.23
ECZ-USInt-2, Fe, 150 rpm, 30 min 38.745 -0.301 13.156 -24.67
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ECZ-USInt-2, Zn, 250 rpm, 10 min 37.756 -43.098 13.651 -25.36

The initial COD value decreases between 77.23% and 99.34%, which results in S/Nts
ratios in the range of 37.756 to 38.854. Average settling velocity is in the range of 0.007 to
2.857, with S/Nis ratios of —43.098 to 9.118. The average electrode loss ranges from 0.003
to 0.069 g, and power consumption ranges from 9.07 to 22.05.

According to the data, Tables 7 and 8, ultrasound has a positive effect on COD re-
moval (USInt-2), electrode mass (USInt-1), and voltage (USInt-1). However, the percent-
age of this factor’s contribution to COD removal is only 5.81% in contrast to the duration
of the process and electrode material with a pC of 61.00% and 29.54%, respectively. It is
the same for electrode mass. pC of US usage is 0.64%, while for electrode material and
time, it is 56.99% and 41.92%, respectively. These data indicate that US has a relatively
minor effect on COD removal and electrode mass change. Therefore, if COD removal and
electrode mass loss are targeted results of optimisation, the focus should be on the adjust-
ment of process duration and electrode material. This has a greater influence on the volt-
age, and its pC is 25.64%. On settling velocity, the application of ultrasound has a negative
impact, and this factor has the highest pC (48.32%).

As in previous studies, Al is the best electrode material for the treatment of
wastewater with a very high organic load [6]. Regarding mixing speed, it is important to
consider the benefits of homogenising the reaction mixture and enhancing ion mobility
by solution mixing, as well as the drawbacks, which manifest as the collapse of the flocs
[58]. Despite using higher mixing speeds compared to prior studies (50-250 rpm), this
work proved that a speed of 150 rpm generally provides an acceptable compromise be-
tween the positive and negative impacts of mixing on the examined process [23]. As gen-
erally acknowledged, the time has a favourable impact on the results that represent the
quality of the treated wastewater, whereas it has a negative influence on those results that
are associated with the cost of the treatment process. Similar results are obtained in this
study.

According to Wang et al. (2023), ultrasound application in the treatment of organic
wastewater utilises mechanical, thermal, and chemical effects produced through cavita-
tion. Ultrasound’s mechanical effect helps clean solid surfaces and enhances mass trans-
fer, while its chemical and thermal effects generate OH radicals and persulfate, thereby
increasing reaction rates and accelerating the breakdown of organic pollutants [59]. Con-
sidering the complexity of the mechanism of action of ultrasound, the results of Taguchi
optimisation are not surprising, since they confirm that combining US with EC and zeo-
lite, along with adjustments to US intensity, electrode material, mixing speed, and contact
time, shows that synergistic and antagonistic effects are interwoven, suggesting the pres-
ence of a threshold point between them. However, additional investigation must be per-
formed to detect the threshold point more accurately.

Table 7. Effect of controllable factors on the S/N ratio.

COD Decrease Settling Velocity
Factor US M N t US M N t
Level 1 38.30 38.53 38.20 37.85 5.147 -10.855 -7.741 -23.124
Level 2 38.17 38.37 38.40 38.40 -22.006 -10.870 -12.867 -24.019
Level 3 38.42 37.98 38.30 38.64 -28.832 -23.967 -25.083 -1.451
Loss of Electrode mass Voltage
Factor us M N t us M N t
Level 1 15.49 19.20 15.88 19.94 -24.94 -24.42 -25.46 -25.15
Level 2 15.92 17.35 1541 14.99 -22.41 -23.14 -22.04 -23.57

Level 3 14.86 9.72 14.98 11.34 -24.75 -25.51 -24.60 -23.38
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Table 8. Assessment of the optimal levels and importance of a particular factor.

COD Decrease Settling Velocity

Factor US M N t uUS M N t
Optimal level 3 1 2 3 1 1 1 3

pC, % 5.81 29.54 3.65 61.00 48.32 8.56 11.87 31.25

Rank 3 2 4 1 1 4 3 2

Loss of Electrode mass Voltage

Factor us M N t us M N t
Optimal level 2 1 1 1 2 2 2 3

pC, % 0.64 56.99 0.45 41.92 25.64 21.27 40.82 12.27

Rank 3 1 4 2 2 3 1 4

4. Conclusions

A comprehensive evaluation of different ultrasound power settings in a triple hybrid
wastewater treatment system based on electrocoagulation, zeolite, and ultrasound (EC +
Z + US) was performed on compost wastewater. The results indicate that increasing the
US intensity had no significant effect on solution pH, while temperature increased slightly
more. The COD reduction was between 81.42 and 88.90%, whereby the best removal was
achieved using iron electrodes and an ultrasonic intensity of level 2. When analysing the
impact of the electrode material, a sequence of Zn < Al < Fe was observed. The best tur-
bidity removal was achieved using iron electrodes without ultrasound and with an ultra-
sound intensity level 2 (98.45% and 97.95%). Optical microscope images clearly showed
damage to the anodic and cathodic surfaces, mostly in the form of general and pitting
corrosion. Anode consumption was visible in all experiments, especially with Zn elec-
trodes. Changes in the mass of the cathodes were also visible, and there was an increase
or decrease depending on the electrode material. Energy consumption was the lowest
with Fe electrodes. When using different ultrasonic intensities, a decrease in energy con-
sumption was observed with Al and Fe electrodes, while the opposite effect was observed
with Zn electrodes. Taguchi optimisation indicated that the use of ultrasound positively
influenced COD reduction and the retention of the original electrode mass, while it had a
significant negative influence on settling velocity.

Since the results of this study indicate that the simultaneous application of zeolite
and increased ultrasonic intensity showed no synergistic effect with respect to all param-
eters investigated, except for the hybrid ECZ process with Fe electrodes and 100% ultra-
sound power intensity, it is evident that the choice of electrode material is crucial in hybrid
processes combining zeolite and ultrasound. Therefore, further studies should focus on
analysing the threshold point of ultrasound intensity for each electrode material and the
influence of continuous or intermittent (pulsed) ultrasonic application. Additionally, the
process can be further enhanced by implementing effective filtration of the spent zeolite
and improving its recovery.
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