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ARTICLE INFO ABSTRACT

Keywords: Sonoelectrochemical oxidation (SEO) treatment is a competitive technology for the degradation of organic

Electrochemical gxidation pollutants in water. The operation modes of ultrasound (continuous and pulse) not only affect the pollutant

(Sjonoelecgomem‘cal degradation efficiency but also the energy consumption of SEO. In this study, the influence of ultrasound modes
ongo re

on SEO degradation of Congo red (CR) and real wastewater — palm oil mill effluent (POME) were investigated.
The SEO was operated in two modes: continuous ultrasound throughout the whole process and intermittent
ultrasound at a cycle of 15 min of ultrasound and 5 min without ultrasound. It was found that the intermittent
SEO gave a higher degree of degradation of CR at 95% as compared to continuous SEO and electrochemical
oxidation (EO) at 85% and 64%, respectively. The improved performance could be attributed to the supply of
ultrasound that minimized electrode passivation and promoted mass transfer and production of hydroxyl radi-
cals. The intermittent supply of ultrasound diminished the interference of ultrasound on the electrochemical
process. A similar observation was also observed where the highest COD reduction of POME was recorded by
intermittent SEO at about 65%. In terms of energy consumption, degradation of CR by SEO only required half of
the energy consumed by the analogous purely electrochemical process at 250-265 kWh/kg dye removed. Sur-
prisingly, the energy consumption for SEO degradation of POME only reduced from 32.82 (electrochemical) to
25.91 and 30.78 kWh/kg COD removed for continuous and intermittent SEO, respectively. Such contrast in
energy saving highlights the need for further study as the complex constituents of real effluents will result in
different SEO treatment performance. Nonetheless, the capability of SEO in reducing the COD indicates its po-
tential to be used as pre- or post-treatment for other advanced processes in POME handling.

Palm oil mill effluent
Energy consumption

pollutants [8,9]. For instance, EO processes have been proven capable of
the partial degradation or even complete mineralization of dyes and
phenol pollutants by the electrogeneration of hydroxyl radicals with

Introduction

Rapid industrialization has introduced a large number of hazardous

pollutants into the environment, which pose an adverse risk to local
ecosystems and living organisms. Conventional wastewater treatment
methods have often struggled to efficiently remove emerging and
persistent organic pollutants [1-6]. The presence of these pollutants has
been reported to cause health problems [7]. To address these issues,
advanced oxidation processes (AOPs) which rely on the generation of
highly reactive and oxidable free radicals have received an increasing
prevalence in wastewater treatment due to their oxidizing power.
Among AOPs, electrochemical oxidation (EO) processes have attracted a
great deal of attention attributed to their mild operational conditions,
efficient functioning at room temperature, no requirement for additional
chemicals, and complete mineralization/degradation of organic
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great oxidizing power [10].

Despite their promising pollutant degradation performance, EO
processes alone usually require a long reaction time to achieve satis-
factory degradation efficiency. This is due to electrode surface passiv-
ation by reaction by-products which limits the available surface for the
oxidation reaction to occur [11]. Another factor hampering EO pro-
cesses is the slow mass transport of reactants to the electrode surface
where the hydroxyl radicals that are generated accumulate [12]. The
combination of EO with ultrasound irradiation (US), so-called sonoe-
lectrochemical oxidation (SEO), could compensate for the weaknesses of
the EO process by keeping the electrode clean and activated, as well as
enhancing the mass transport rates of reactants to the electrode surface

2211-7156/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:wl_ang@ukm.edu.my
www.sciencedirect.com/science/journal/22117156
https://www.sciencedirect.com/journal/results-in-chemistry
https://doi.org/10.1016/j.rechem.2023.100880
https://doi.org/10.1016/j.rechem.2023.100880
https://doi.org/10.1016/j.rechem.2023.100880
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rechem.2023.100880&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S.Z. Kalet et al.

[13,14]. Many researchers have reported that there was an obvious
improvement on the pollutant degradation efficiency by SEO as
compared to standalone EO or US process [15]. For example, the
mineralization kinetics of Allura Red and Erythrosine B dyes were
improved from 0.08 to 0.11 min~! and from 0.03 to 0.04 min?,
respectively, when the EO process was assisted with US [11]. The effi-
ciency of reduction of chemical oxygen demand (COD) of cosmetic in-
dustry wastewater was also improved from 60.2 to 80.9% with the
presence of US [16]. These positive enhancements could be attributed to
the increased generation of hydroxyl radicals and mass transfer afforded
by SEO as well as the minimization of electrode passivation.

Considering SEO is an integration of both EO and US into a single
treatment process, the factors influencing the performance of individual
EO or US processes are also applicable to SEO. The important factors that
directly or indirectly affect the SEO process performance include elec-
trode materials, reactor design, and operating conditions (e.g., US
power, US frequency, current density, applied voltage, solution pH, and
electrolyte and electrolyte concentration), where the interaction be-
tween these factors and process performance have been thoroughly
discussed in literature [15]. On the other hand, if operated inappropri-
ately, the use of US could undermine the performance of the SEO pro-
cess. It is known that the acoustic streaming and micro jetting produced
by US can disrupt the directional movement of charged ions to the
electrodes and the large number of bubbles produced can reduce the
conductivity of electrolytes [17]. This could compromise the perfor-
mance of SEO on top of the additional energy consumption due to the
fact that both US and EO processes require power for operation.

The concerns stated above have driven some studies to look into the
energy consumption of SEO. Some studies reported that the energy
consumption of the SEO was improved as compared to standalone EO.
For instance, the energy consumption for the degradation of Reactive
Red 195 dye was reduced from 72.3 to 65.7 kWh/kg of COD removal
while the degradation of Reactive Blue 19 dye showed a reduction of
energy consumption from 1.2 to 0.75 kWh/L when US was applied to the
EO process [18,19]. On the other hand, contradictory observations were
also reported by researchers. Shestakova et al. observed that the energy
consumption required for 90% degradation of formic acid increased
from 675 to 1785 kWh/m> when the treatment processes were con-
ducted as EO and SEO, respectively [20]. This reflects that the US power
requirement could be several orders of magnitude higher than that of the
EO system. To improve the energy consumption efficiency of SEO
without compromising the degradation performance, SEO operated
under pulse mode was proposed. Interestingly, the energy consumption
for p-nitrophenol degradation was halved (from 0.7336 to 0.3639 kWh/
L) when the US was switched from continuous mode to pulse mode, with
additional improvement of degradation efficiency from 89 to 94% [21].
This finding indicates the potential to achieve energy savings for SEO
when the US supply is operated creatively.

Even though pulsed SEO appears to be promising in term of degra-
dation performance and energy consumption, study related to this has
been scarce, not to mention the use of real wastewater for SEO operated
under different US modes. In this study, SEO operated under continuous
and intermittent mode for palm oil mill effluent (POME) treatment was
evaluated. POME is the largest agricultural wastewater in Malaysia, and
contains abundant organic matter that contributes to the high COD
value [22]. Proper treatment of POME is required to remove the organic
compounds before treated effluent can be safely discharged to water-
ways. Hence, SEO could play a role in assisting the reduction of COD in
POME. Prior to the use of POME for SEO study, the synthetic azo dye
solution (Congo Red in NaySO4 electrolyte) was used as the testing so-
lution to understand the influence of US mode and operating conditions
(solution pH, current, and inter-electrode distance) on the degradation
efficiency. As a commonly found persistent pollutant, Congo red dye is
used as the control pollutant in the operational parameter study to
investigate the potential of SEO and EO technology in degrading recal-
citrant pollutant. Fig. 1 shows the chemical structure of the dye,
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Fig. 1. Congo red dye chemical structure.

composing of -NH; and -SOj3 functional groups as well as other electron-
withdrawing functional groups. The findings from the synthetic dye
solution were then used to suggest conditions for the SEO treatment of
POME.

Methodology
Chemicals and materials

Congo red (Sigma-Aldrich) was used to prepare the synthetic
pollutant solution. Hydrochloric acid (R&M Chemicals) and sodium
hydroxide (Sigma-Aldrich) were used for adjusting the pH. Sodium
sulfate (R&M Chemicals) was used as the electrolyte for the synthetic
wastewater. Boron doped diamond (BDD) anode was obtained from
Boromond, China. Aerobically treated palm oil mill effluent (POME) was
taken from a nearby palm oil mill. The sample was stored immediately at
4 °C to reduce or prevent any additional biological and chemical
degradation. Before being used in the experiment, POME was centri-
fuged for 4 h to remove the large suspended solids.

Sonoelectrochemical system

Electrochemical oxidation (EO) and sonoelectrochemical oxidation
(SEO) processes were conducted in a cylindrical glass beaker containing
500 mL of testing solution. BDD was used as the anode while a stainless
steel plate was used as cathode. Both the anode and cathode were
rectangular in shape with a geometric area of 48 cm?. For the SEO
processes, the electrochemical cell was placed in an ultrasound gener-
ator (Elmasonic S60H, Elma) at 37 kHz as shown in Fig. 2. The tem-
perature of the water bath was kept below 30 °C by continuously
replacing the water to remove the heat produced during sonication. The
pH value was measured throughout the experiment by immersing the pH
probe (HI 2550, HANNA instrument) in the solution.

The performance of the EO and SEO processes was evaluated by
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Fig. 2. Set up for SEO process: (1) DC power supply, (2) Ultrasound generator,
(3) BDD anode, (4) Stainless steel cathode, (5) POME, (6) pH probe, (7) cover,
(8) electric cables, (9) 600 mL beaker.
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using two solutions: synthetic dye solution consisting of Congo red (CR)
at 20 ppm in 0.05 M NaySO4 (electrolyte) and real wastewater — aero-
bically treated palm oil mill effluent (POME). The characteristics of the
POME are displayed in Table 1. The EO experiment was started by
investigating the influence of solution pH (5, 7, 9, and 11), current (0.1,
0.15, and 0.2 A), and distance between the electrodes (1-4 cm) on the
degradation of the dye. The pH, current, and distance values giving the
best dye degradation performance were then used in the subsequent
testing of different ultrasound modes. SEO with the synthetic dye solu-
tion was subjected to two operating modes: continuous ultrasound for 2
h and intermittent ultrasound at a cycle of 15 min of ultrasound and 5
min without ultrasound for 2 h. The EO and SEO processes were then
repeated with POME. The extent of degradation of the EO and SEO
processes was determined based on the reduction of UV-absorbance (for
CR) and chemical oxygen demand (COD) and colour (for POME) using
Equation (1):

X =275 100% o))

Co

where X is the degree of degradation, cy is the initial value of the
parameter of concern (absorbance, COD, and colour), and ¢, is the value
of the parameter of concern at a given time.

Analytical techniques

The variation of the concentration of CR was determined by a
UV-VIS spectrophotometer (DR3900, Hach) at 497 nm wavelength
[23]. Concentration of CR was quantified from absorbance reading by
injecting 2 mL of CR sample into a 10 mm rectangular cuvette before
inserted into the spectrophotometer at the mentioned wavelength. COD
was analysed with USEPA-approved Hach method 8000. High range
COD vials (20-1500 mg/1) were utilised in combination with reactor
digestion method using the digital reactor (DRB200, Hach) that com-
plements the Hach reagents. The colour change of POME was measured
using a UV-VIS spectrophotometer (DR3900, Hach) at 455 nm wave-
length [24]. POME sample was injected into a 10 mL, square sample cell
for this colour analysis. The employed Hach method 8025 complied with
the Platinum-Cobalt standard method of measuring colour of water. In
addition, the amount of suspended solids before and after treatment of
POME was measured by a UV-VIS spectrophotometer (DR3900, Hach)
based on the Hach method 8006 using the same square sample cell as per
colour analysis. The pH value and conductivity were measured by a two-
channel logging micro-processor-based meter (HI-2550, HANNA
instrument).

The energy consumption for the degradation of the dye was calcu-
lated using Equation (2) [25] while the energy consumed per unit COD
removal (POME) was determined with Equation (3) [26].

UxIxt

v 0.01a%)v 2)

1000 x U x I x t

Ep:—m————
P XV 3)
Here, Ej, is the energy consumption for dye degradation (kWh/kg dye
removed), U is the mean cell voltage (V), I is current (A), t is reaction

time (h), G, is dye initial concentration (g/L), d% is the dye degradation

Table 1

Characteristics of POME.
Parameter Value
pH 8.0-8.5
COD 600-700 mg/L
Suspended solid 60-62 mg/L
Conductivity 8.2-8.3 m$S
Turbidity 4.7-4.9 NTU
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percentage (%), V is the electrolyte volume (L), Ep is the energy con-
sumption per unit COD removed from POME (kWh/kg COD removed),
and C is the reduction of COD (mg/L).

The rate constants for the US, EO, and SEO processes were calculated
using the following equation [20]:

InC(f) = InCo — kt (€]

where Cy is the initial concentration of pollutant, C is the concentration
of pollutant at time t, and k is the first-order rate constant which is
estimated from the slope by plotting In C vs. t (not shown in this
manuscript).

The combination of US and EO is expected to have higher efficiency
as compared to the sum of the efficiencies of the two individual pro-
cesses. The synergism of SEO is represented by a synergistic index,
which was calculated by the following equation [27]:

Rsro

— (5)
Rys + Reo

Synergylndex =

where Rys, Rgo, and Rggo denote the degradation rates of US, EO, and
SEO, respectively. A synergy index of 1 means the overall rate is merely
the sum of the addition of the individual rates whereas a synergy index
greater than 1 means there is a positive synergetic effect (and vice
versa).

Results and discussion
Degradation of dye

Effect of solution pH

Fig. 3 shows the degree of degradation of CR dye at different pH
values (5, 7, 9, and 11) using an EO process for 2 h. The condition of pH
3 was not conducted as the dye compounds were found to be unstable
and tended to settle down at the bottom of beaker naturally. It was found
that the degradation percentage increased from 24 to 44% when the
solution pH was raised from 5 to 9. This degradation trend aligned with
the finding reported by other researchers, where the degradation of
Reactive Blue 19 dye was improved by greater than 40% with an in-
crease of pH from 3 to 8 [18]. Such improvement could be attributed to
more hydroxyl anions being in the electrolyte, which can be oxidized to
hydroxyl radicals at the anode surface under alkaline conditions as
shown in equation 6-7 [28]. Hence, more dye pollutants could be
degraded in alkaline solution. However, the degradation percentage
decreased significantly to 21% once the dye solution was adjusted to pH
11. The decline in performance could be due to the production of more
free sulfate radical scavengers that reduce the amount of hydroxyl
radicals available for dye degradation. This phenomenon has also been

50

30 A

20 A

Percentage dye removed (%)

5 7 9 11
pH value

Fig. 3. Effect of pH on the degradation of CR pollutant (operating conditions:
0.1 A, 500 mL of 20 ppm CR solution in 0.05 M Na,SO4, distance between

electrodes is 2 cm).
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observed in other studies where the production of scavengers such as
hydroperoxide ion and carbonate ion diminished the amount of hy-
droxyl radicals in the alkaline solution [16,18,21,28]. Hence, the
optimal pH chosen for subsequent tests was pH 9.

2H,0 —2¢”— 2-OH +2H" 6)
OH — ¢ —-OH 7)

Effect of current density

Fig. 4 depicts that the increase in current from 0.1 to 0.2 A led to the
enhancement of CR degradation efficiency from 44 to 64%. This
observation is expected as with the increase in current, the amount of
hydroxyl radicals generated is also increased, which is expected to result
in a greater extent of pollutant degradation [29]. Further increase in
current had only limited improvement on the degradation performance
as the additional charge was passed in performing parasitic water
oxidation (oxygen evolution) rather than to oxidize and degrade the
pollutants [15,16,30]. Hence, to minimize the oxygen evolution reac-
tion, subsequent EO and SEO tests were conducted at 0.2 A.

Effect of distance between electrodes

The relationship between extent of CR dye degradation and electrode
distance of EO process is shown in Fig. 5. It is observed that the degree of
degradation peaked at an inter-electrode distance of 2 cm. The reduction
in the percentage of degradation when the distance between the elec-
trodes increased from 2 to 4 cm could be attributed to the increase of the
solution resistance with enlarged inter-electrode distance. This resulted
in lower current density and subsequently led to a smaller amount of
electrochemically-generated oxidative species for the degradation of CR.
A similar performance trend was also reported by Dietrich et al., where
the degradation of bisphenol A declined from 27 to 15% when the
electrode distance was adjusted from 2 to 3 cm [31]. Surprisingly, an
inter-electrode distance of 1 cm showed a low degradation value of 36%
despite the fact that the shorter electrode distance should incur lower
solution resistance. It was hypothesized that the short distance favoured
the accumulation of CR dye contaminants adsorbed on the electrode
surface during the oxidation process and could potentially block and
reduce the active sites on the electrode surface. This condition is known
as electrode poisoning [27]. Hence, an inter-electrode distance of 2 cm
was chosen for the subsequent ultrasound modes study.

Effect of ultrasound modes

Overall, it was found that intermittent SEO process shows the highest
degree of degradation of 95%, followed by continuous SEO (85%) and
EO (64%) after 2 h of degradation (Fig. 6). The results reveal that both

70
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Percentage dye removed (%)

10
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Current (A)

Fig. 4. Effect of current on the degradation of CR pollutant (operating condi-
tions: 500 mL of 20 ppm CR solution in 0.05 M NaySO,4, solution pH at 9,
distance between electrodes is 2 cm).
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Fig. 5. Effect of electrode distance on the degradation of CR pollutant (oper-
ating conditions: 0.2 A, 500 mL of 20 ppm CR solution in 0.05 M NaySOy4, so-
lution pH at 9).

SEO processes performed much better than EO for CR dye removal. The
supply of US (continuous or intermittent mode) minimized or even
alleviated the shortcomings of the EO process, such as electrode
passivation and slow mass transport at the electrode-electrolyte inter-
face [15]. US also helps in producing and dispersing more hydroxyl
radicals from cavitation bubble splitting, which can accelerate the
degradation of pollutants, as supported by observations reported in
other studies [32-34]. On the other hand, the intermittent mode SEO
possessed a better degradation efficiency compared to continuous mode
SEO, which could be explained by referring to other SEO systems
operated under pulsed US mode [35,36]. Xia et al.(2014) & Xie et al.
(2016) reported that the pulse mode diminished the interference of the
US on the EO process, which then slightly enhanced the degradation
efficiency of pollutants by 3-5% [21,37]. Indeed, proper operation of
pulsed US could enhance the diffusion of the pollutant molecules to the
bubble interface, where the degradation reaction is held to take place
[30]. The degradation efficiency of intermittent SEO also resulted in a
more complete discoloration of CR compounds, as depicted in Fig. 7.

The first-order kinetic rate constants for US, EO, continuous SEO, and
intermittent SEO were obtained from the kinetic behaviour (Fig. 8) and
tabulated in Table 2. As can be seen, the US process shows the slowest
kinetics for CR degradation with a rate constant of 0.0003 min~' in
comparison to 0.0056 min~* for the EO process. The combination of US
and EO has substantially increased the rate of CR degradation to 0.0173
and 0.0264 min~! for continuous SEO and intermittent SEO, respec-
tively. This can be explained by the enhanced mass transfer in the EO
process resulting from the supply of US. Hence, the CR degradation rate
was accelerated giving a higher kinetic rate constant.

It is known that energy consumption is one of the deciding factors for
a treatment process to be economically feasible. Table 2 displays the
energy consumption and synergistic index calculated for the CR degra-
dation operated under different modes. The energy consumption here
considered is only the energy required for the EO process due to limi-
tations in obtaining the energy consumption of the US process. Appar-
ently, the incorporation of US successfully reduced the electrochemical
energy consumption by roughly 50%. This is a positive improvement
that resonates well with other studies, where not only does the SEO
improve the treatment efficacy but also enables cost savings from
reduced energy consumption [38-41]. Unexpectedly, the energy
consumed for continuous and intermittent SEO were more or less the
same. Further study is required to optimize the operation of intermittent
SEO such that the full potential energy savings can be obtained. The
synergistic index reflects the effect arising between US and EO that
produces an effect greater than the sum of the individual effects. A
positive value of synergistic index indicates that the combination of US
and EO performs better than the standalone processes. The synergistic
index of continuous and intermittent SEO was found to be greater than 1
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Fig. 6. Effect of ultrasound modes on the degradation of CR dye (operating conditions: 0.2 A, 500 mL of 20 ppm CR solution in 0.05 M Na,SO,, solution pH at 9,

electrode distance at 2 cm).

Fig. 7. Physical observation of synthetic dye solutions: (a) pristine dye solution, (b) dye solution after EO treatment for 2 h, (c) dye solution after continuous ul-
trasound SEO treatment for 2 h, (d) dye solution after intermittent ultrasound SEO treatment for 2 h.

at 2.93 and 4.47, respectively. This confirms that the supply of US led to
positive improvement in CR degradation efficiency, and the US supplied
intermittently to the SEO delivered better removal percentage for the
reasons discussed earlier. Generally, the SEO should obtain a positive
synergistic index as the intention of incorporating US with EO is to
enhance the performance of the whole process [40-42].

Degradation of POME

The EO and SEO processes were then investigated for use on real
wastewater — POME. Fig. 9 and Fig. 10 show the COD and colour
removal trend of POME when subjected to EO and SEO (continuous and
intermittent modes) treatment processes. After 4 h of treatment, both
continuous and intermittent SEO recorded a better removal efficiency as
compared to EO alone. This observation is similar to the previous testing
using CR dye, where the improvement is mostly due to the enhanced
mass transfer, cleaning of electrodes, and production of more hydroxyl
radicals that accelerate the degradation of organic compounds in POME.
The intermittent SEO also recorded a better degree of removal of organic
compounds in POME as compared to SEO operated in continuous US
mode, where the former achieved relatively 10% higher removal. The

physical observation of POME before and after treatment is depicted in
Fig. 11. The images clearly show the POME changed colour from milky
dark brown to a clear brown solution after the treatment process, indi-
cating the removal of material from POME.

In the past decade, different AOPs have been tested for POME
treatment. These include Fenton oxidation, photo-Fenton, electro-Fen-
ton, and photocatalysis [43-45]. The working mechanism of these AOPs
is similar to EO and SEO, which rely on the generation of hydroxyl
radicals for the degradation of organic compounds in POME. The COD
reduction efficiencies ranged from 40 to 100%, with the starting COD of
POME (diluted or fresh anaerobically or aerobically treated) around 50
to 32,000 mg/L [44]. Despite the similarity in the degradation principle,
the majority of past studies were conducted under extreme acidic con-
ditions (pH 2-3), since Fenton-based AOPs can only perform satisfac-
torily within this pH range. As compared to these past AOPs studies, SEO
does not encounter the challenges often associated with other AOPs,
such as production of iron sludge, operation at extreme pH condition,
and poor photooxidation due to the limited light penetration of turbid
POME [44]. Hence, SEO appears to be a potential treatment process for
POME given its promising degradation efficiency and fewer challenges
than for other AOPs. In spite of that, another acceptance factor that
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Fig. 8. Kinetics of the CR degradation operated under different modes.
would need to be considered for wastewater treatment processes is en-
Table 2

Energy consumption and synergistic index of the CR degradation process oper-
ated under different modes.

ergy consumption (operating cost).
The energy consumption of EO, continuous SEO, and intermittent
SEO is tabulated in Table 3. The energy consumption of SEO processes

Process l(il?ve;]r]fjfk;og}s]:mption I&ng:t’:der Isri’;:;gimc was not sign%ﬁcantly.re'zduced as CF)mpared to the study condl?cted with
o o CR. s Ths anamicpoied g revesls it e ptcnil ene
g(s) 55; % g'gggz - constituents of real wastewater. It also signifies the need for further
Continuous 251.59 0.0173 203 optimization study and to employ real effluents in SEO studies such that
mode SEO a more comprehensive insight of its performance can be obtained. Due
Intermittent 264.10 0.0264 4.47 to the limited information reported on energy consumption for AOP
mode SEO degradations of POME, direct comparison between this finding with
other studies could not be done. For instance, the electrical energy per
order of photo-oxidation of POME was about 3217 kWh/(m?.order) for
70
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Fig. 9. Effect of ultrasound modes on the COD removal of POME (operating conditions: 0.2 A, 500 mL, solution pH at 8.5, electrode distance at 2 cm).
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Fig. 10. Effect of ultrasound modes on the discoloration of POME (operating conditions: 0.2 A, 500 mL, solution pH at 8.5, electrode distance at 2 cm).

Fig. 11. Physical observation of POME: pristine POME solution, (a) POME solution after 4 h EO treatment, (b) POME solution after continuous ultrasound SEO
treatment for 4 h, (¢) POME solution after intermittent ultrasound SEO treatment for 4 h.

Table 3
Energy consumption of POME degradation operated under different modes.

Process Energy consumption for EO (kWh/kg COD removed)
EO 32.82
Continuous SEO 25.91
Intermittent SEO 30.78

COD reduction [45]. Hence, this implies further in-depth study on the
costing aspect of AOPs for POME treatment should be looked into by
researchers. Nonetheless, the potential of SEO in wastewater treatment
should not be judged solely based on such estimation performed on a
single process. Instead, the impacts and benefits of SEO on other treat-
ment processes should also be evaluated and included in the
consideration.

Despite the fact that the final COD of POME was in the range of
200-300 mg/L (decreased from the original range of 600-700 mg/L),
which is still too high to be discharged to the environment, the suc-
cessful degradation of organic compounds in POME indicates the po-
tential of SEO for POME treatment, either as a tertiary treatment or

incorporated as pre-treatment or post-treatment for other advanced
processes such as membrane filtration and adsorption [46,47]. Indeed,
the integration of AOPs with other treatment processes has not been
widely reported yet, but integrating photocatalysis with membrane
filtration was found to enhance the overall decolorization of POME from
60 to 70% to greater than 99% [48]. The proposed integration was
developed based on the fact that AOPs could not degrade all pollutants.
At the same time, the presence of photocatalysis as a pre-treatment
process prior to membrane filtration alleviated the fouling severity as
compared to membrane performance without pre-treatment. The
observation emphasizes the potential synergism between AOPs with
other treatment processes that addresses the shortcomings of each in-
dividual process. Hence, not only are further experiments required to
optimize the operating conditions of SEO in treating POME to fully
explore the potential of such processes in treating POME, but also SEO’s
integration with other treatment processes to achieve better overall
synergistic performance should be investigated.
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Conclusion and future prospectives

This study showed that the EO and SEO processes could be used to
degrade CR dye and organic compounds in aerobically treated POME to
a satisfactorily degree. Particularly, SEO process operated with inter-
mittent US recorded the highest degradation efficiency, with 95%
removal of CR and 65% COD reduction from POME. To be precise, the
intermittent SEO was able to achieve about 10% higher extent of
degradation compared to continuous SEO for both CR and POME. This
performance enhancement in the SEO process is held to be due to the
increase in mass transport between pollutants and hydroxyl radicals as
well as electrode cleaning in the presence of US. In terms of energy
consumption, SEO consumed less than 50% of the energy used for EO
process (556.96 kWh/kg dye) to degrade CR dye. Surprisingly, such
significant energy savings were not observed for POME treatment. The
energy consumed for continuous and intermittent SEO degradation of
POME was only slightly lower than that for the EO process (26-31 kWh/
kg COD as compared to 33 kWh/kg COD). This reflects that the complex
constituents of real wastewater might influence the performance of SEO
and the degradation performance of a synthetic pollutant solution does
not necessarily reflect the same achievement that could be obtained for
real wastewater. Nonetheless, it implies that further experiments are
required to explore the removal efficiency and energy consumed by the
process on the treatment of real, complex effluents to obtain a more
conclusive insight into its performance as an individual process or part
of an integrated treatment system.

To date, many thrilling hybrid technology for the degradation of
organic compound have been introduced, which portrays high potential
but currently limited to lab scale application. So, for this hybrid SEO
process to achieve a successful scaled-up arrangement and industrial
commercialisation, several operational and design configuration need to
be extensively researched.

e Energy consumption: Continuous and pulsed mode sonication should
be wisely optimised for application in larger reactor and much longer
electrolysis duration, knowing that it is not necessary to have con-
stant sonication to achieve high degradation efficiency. Also, the
exploration of smart strategies interlinking both sonication mode
and ultrasound frequency is important to develop a reactor that is
economically viable especially its energetic cost. In addition, for a
scaled-up reactor, common design favouring continuous flow of
effluent instead of having static solution as per laboratory scale.
Hence, it is worth to have more investigation on the relationship
between fluid flow rate and the suitable ultrasound intensity to meet
optimised operational condition.

Pollutant mineralisation efficacy: The generation of powerful radical
species responsible in degradation of organic pollutant is influenced
by the aspects mentioned in the above, as well as the stability of
electrodes used in the reactor. In order to improve the electrode
stability in acoustic condition, longevity and enhancing degradation
performance, studies on synthesis of electrode materials is highly
required. Besides that, positioning of both electrodes and transducers
are deemed to be significant especially for large-scale application.
Having sufficient acoustic field covering the reactor space and
making sure electrode located in the strategic point in the field are
among the aspects that could easily be overlooked but hold huge
influence in the pollutant mineralisation efficacy.

In conclusion, extensive researches in many sonication aspects are
still required as there are not much studies have been reported on this
hybrid technology. With vast optimisation studies on this hybrid SEO
process, it could well develop into a cost-effective, highly efficient
treatment process on an industrial scale.
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