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Abstract: The world’s ever-growing population is driving an increased demand for clean water,
which makes treating and reusing wastewater an essential practice. In recent years, biological and
physicochemical methods have been preferred for wastewater treatment, with combined systems
proving particularly effective. In this study, the combination of anaerobic digestion (AD) and electro-
oxidation (EO) was investigated as a process for removing chemical oxygen demand (COD) from
actual beverage wastewater. The effect of hydraulic retention time (HRT) on AD, electrolysis time,
sodium chloride (NaCl) dosage, initial pH, and electro-properties on EO was investigated. At
optimum conditions, namely an HRT of 2 days for AD, NaCl concentration of 3 g L~1, 80 min of
EO time, natural pH (7.45), and applied voltage of 20 V for EO, the removal efficiency for COD
was an impressive 96.47%, with energy consumption and specific energy consumption calculating
177.33 kWh m~3 and 33.79 kWh kgCOD !, respectively. The amount of by-product gases (CHy and
H,) were also meagerly determined in this study. The results confirm that combining the AD and
EO methods is an effective COD removal solution that can benefit the industry, while also offering a
sustainable solution to combat water scarcity and meet the growing demand for clean water.

Keywords: high-strength wastewater; combination system; electro-oxidation; real beverage
wastewater; anaerobic digestion

1. Introduction

In recent years, the global population has been growing at an unprecedented rate,
posing a significant challenge to sustainable development. According to United Nations
projections, the population is predicted to reach 8 billion by 2025 [1], exacerbating the
demand for clean water and affecting the sixth Sustainable Development Goal—Clean
water and sanitation. As a result, there is a growing need to focus on the treatment, reuse,
and recycling of wastewater to mitigate the water scarcity crisis. The beverage industry, in
particular, generates a considerable amount of wastewater due to the high demand of fresh
water as a primary ingredient and for cleaning processes such as flushing plants and wash-
ing bottles [2]. Consequently, this industry’s practices have an enormous impact on water
availability and quality. The wastewater released by the beverage industry typically has
low concentrations of heavy metals and pesticides but high levels of organic compounds, as
evidenced by high chemical oxygen demand (COD) values (~40,000 mg L~') [3]. Therefore,
it is supposed to be high-strength wastewater (COD > 2000 mg L.~!) [4,5]. Discharging this
hazardous and toxic fluid into natural water bodies may result in severe pollution of
ground and surface water, presenting a risk to animal and human health [6]. Despite the
existence of regulations to curb the discharge of pollutants, the sector’s growth and global
expansion pose significant challenges to achieving sustainable water management practices.
Therefore, it is imperative to emphasize the importance of sustainable water management
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practices within the beverage industry and explore potential solutions to the challenges
posed by the increasing demand for clean water.

Recent studies have shown that high-strength wastewater can be treated to reduce is
COD through the use of biological or physicochemical methods [7]. The up-flow anaerobic
sludge blanket (UASB) system has been widely applied in the treatment of various types of
wastewater, including high-strength beverage wastewater [8]. In the UASB process, HRT is
a crucial parameter in the evaluation of degradation performance, particularly in relation to
the removal of COD [9]. As reported by Nguyen et al. [10], the treatment of swine manure
and pineapple wastewater through digestion led to a removal of 52.4%, 50%, 56.5%, 71.6%,
and 75.2% COD for HRTs of 6 h, 12 h, 24 h, 48 h, and 96 h, respectively. Thus, it has been
shown that an increase in HRT leads to an improvement in the percentage of COD removal.
Sani et al. [11] also conducted a study on the effectiveness of anaerobic digestion for treating
high-COD wastewater (78.29 g L~!) and found that the highest COD removal efficiency
was achieved at an HRT of 35 days. However, biological methods often require a large
plant size or working area and can be complicated to control and operate [12]. Therefore, it
may not be the preferred choice for the treatment of wastewater or the removal of COD
in particular.

In addition, electro-oxidation (EO) is an advanced oxidation technology that can
effectively eliminate organic pollutants and contaminants from wastewater through direct
or indirect oxidation phenomena [13]. Direct EO, also known as anodic oxidation, occurs
when electrons are transferred directly to the anode surface, resulting in the formation of
reactive oxygen species with no additional agents required and limited unwanted side
pollutants [14]. Duran et al. [15] conducted a study on the treatment of real washing
machine wastewater using the direct oxidation method. They utilized lead dioxide and
boron-doped diamond as working electrodes and achieved optimal COD removal with
a 360 min electrolysis time. However, indirect electro-oxidation, where a mediator is
electrochemically converted into an oxidizing agent in the electrolyte, has been found to
be more effective. Active chlorine or hypochlorite are common indirect oxidants used in
wastewater treatment [16]. Klidi et al. [17] confirmed indirect EO with chloride exists that
has higher electro-efficiency. It reduced COD by 60% and 87 % with no chloride and 2 g L~!
of chloride, respectively. Another study revealed that the addition of NaCl and NaOCl into
textile printing wastewater with pairs of graphite electrodes also eliminated 86% of COD
in 150 min of EO time [18]. Although the EO method rapidly reduces COD in the effluent,
cost-effectiveness and chemical use remain concerns.

On the other hand, the efficiency of pollutant degradation has been also improved by com-
bining biological and electrochemical processes for wastewater treatment. Barrios et al. [19]
reported the integration of anodic oxidation treatment with a pair of boron-doped diamond
electrodes and biological treatment removed 61.6% of COD from waste activated sludge
effluent. Fontmorin et al. [20] implemented the research of enhancing peculiarity pollutant
degradability and decreasing COD by designing a system with the integration of electro-
chemical and biological methods. Popat et al. [21] investigated Ti/Pt mesh and graphite felt
as the electrodes in applying electrochemical advanced oxidation and biological processes
for treating mixed industrial wastewater, and this removed 94% of COD in such wastewater
under optimum conditions. According to prior studies, non-biodegradable or toxic effluent
can be subjected to electrochemical pre-treatment followed by biological post-treatment,
whereas biodegradable or non-toxic effluent can be treated in the reverse order. The result
of these combined processes is a significant improvement in the removal efficiency of COD.
However, there are no reports in the current literature that describe the application of the
combined anaerobic digestion and electro-oxidation method for removing COD in real
beverage wastewater.

The objective of this study was to evaluate the COD removal efficiency of a combined
anaerobic digestion and electro-oxidation (AD/EO) system for the treatment of beverage
wastewater. The AD process utilizing granular sludge was used as a pre-treatment, and
the EO system was designed with a pair of platinum-coated titanium (Pt/Ti) electrodes
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and a sodium chloride electrolyte. The study aimed to investigate the electrolytic cell and
evaluate the impact of various parameters such as HRT, dosage amount, reaction time, pH,
applied voltage, current efficiency, and energy consumption on COD removal efficiency.
The percentage of methane and hydrogen in the AD reactor was analyzed by using GC, and
the theoretical hydrogen production in the EO process was determined using Faraday’s
law equation.

2. Materials and Methods
2.1. Chemicals

Sodium chloride (NaCl), sodium hydroxide (NaOH), hydrochloric acid (HCI), and
analytical chemicals for the COD test were purchased from Union Chemical Work, Taiwan.
These chemicals were recorded as reagent grade with the highest purity and no further
purification. Deionized water was used for dilution and mixing. Both granular sludge for
fermentation and platinum-coated titanium electrodes for electrolysis were procured from
a local market.

2.2. Characteristics of Beverage Wastewater

This study utilized wastewater samples obtained from a local beverage factory located
in Taiwan. Upon examination, it was observed that under normal conditions, the wastewa-
ter had a strong odor and a brown-yellow coloration. To limit biodegradability, the samples
were collected and stored at 4 °C for one month, after which they were prepared at ambient
temperature for investigation and analysis. In the original wastewater, a high concentration
of chemical oxygen demand was detected (30,000 mg L~!), whereas the conductivity was
found to be low (0.0094 mS cm™1). The characteristics of the beverage wastewater before
treatment are presented in Table 2.

2.3. Experimental Design
2.3.1. Stage 1: USAB Digester

Batch fermentation of effluents took place in a cylindrical glass UASB reactor with
an internal radius of 3 cm, a height of 45 cm, and a volume of 1000 mL. A gas, liquid,
and solid separator was attached to the top of the digester, and a 1 L Tedlar bag (Jensen
Inert Products, Coral Springs, FL, USA) was used for collecting biogas. Initially, 300 g
of granular sludge was inoculated into UASB, then organic matter was loaded in by a
peristaltic pump (Longer Pump, Hebei, China). The microorganisms were stabilized in
rich-COD conditions by incubating the initial mixture for 24 h at room temperature with
a magnetic stir of 100 rpm until the appearance of gas bubbles. HRT investigation was
adjusted for a gradual decrease from 3 days; each HRT would be run at least 3 times until it
reached a stable state. The AD system was operated at room temperature and without pH
control; the solids were fixed throughout the experimental period, which means a solid
retention time of 20 days. During the digestion process, an attached funnel was utilized to
prevent the generation of suspended solids. However, it is still necessary to completely
eliminate any suspended solids that remain after the process. To achieve this, an aspirator
was employed as a simple yet effective method. The treated effluent was subsequently
transferred for further post-treatment. The equipment and illustration of this system is
shown in Figure 1a.
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Figure 1. Experimental set-up. (a) AD system—1. Tedlar bag, 2. Effluent, 3. Stir bar, 4. Influent, 5.
Funnel, 6. Cylinder reactor, 7. Granular sludge, 8. Magnetic stirrer. (b) EO system—9. Pt/Ti electrode,
10. DC supply, 11. Reactor.

2.3.2. Stage 2: Electrolytic Cell

The electro-oxidation of the digestion effluent proceeded in batch mode at room
temperature. Platinum-coated titanium (Pt/Ti, 6 cm x 10 cm) mesh with a thickness of
0.5 mm was used for the electrodes for the electrolysis cells; each electrode was cleansed
of contaminants attached on the surface by 1% hydrochloric acid. The anode and cathode
were set up in parallel, and the inter-electrode gap remained at a constant distance of 4 cm;
all details of the EO reactor are summarized in Table 1. For each experiment, 400 mL of
fermentation-treated solution was transferred into a 500 mL beaker. A low concentration
of NaCl was added to electrolytes as a proper additive to enhance electro-properties, and
a magnetic stirrer (Barnstead Thermolyne, Osseo, MN, USA) was applied for mixing the
solution to maintain homogeneity. Afterwards, to carry the system, a regulated DC power
maximum 30 V-3 A (TES electrical, Taiwan) was installed to supply direct current. The
equipment and illustration of this system are shown in Figure 1b.

This study examined several factors that impact COD removal in the electrochemical
process, including electrolysis time (20, 40, 60, and 80 min), sodium chloride concentration
(ranging from0to7 g L1 or 0 to 0.7%), initial pH (5, 7.45, and 10), applied voltage (ranging
from 5 to 30 V). All samples were collected from the EO reactor to analyze at a designated
time during experiments.

2.4. Analytical Procedure

The conductivity and temperature were measured by using a benchtop meter with a
stainless-steel probe (Suntex-SC2300, New Taipei, Taiwan), whereas the pH was recorded
by a multi-meter (Jenco-6173, Taipei, Taiwan). Biogas from the anaerobic process was
analyzed by gas chromatography (China Chromatography 87007, Taipei, Taiwan) with a
carrier gas (argon) thermal conductivity detector.
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Table 1. Details of EO reactor.

Electrode Specification

Material Titanium—Grade: GR1
Platinum coating thickness 200 nm
Mesh hole size 3mm X 2 mm
Mesh thickness 0.5 mm
No. of electrodes 2
Shape Rectangular
Size 6cm x 10 cm
Arrangement Parallel
Exposed surface area 48 cm?
Electrolytic cell
Electrode gap 4 cm
Reactor Beaker—500 mL
Volume 400 mL
Type Batch
Stirring Magnetic bar—100 rpm
DC supply
Voltage 0-30V
Current 0-3A
Connector Electrical wire with alligator clip

The chemical oxygen demand was determined using the open reflux method following
the APHA standard 5220B. Each sample was diluted 500 times with reverse osmosis water
and 2.5 mL of the diluted sample was mixed with 1.5 mL K;Cr,Oy7 and 3.5 mL Ag,SO;.
The mixture was heated to 150 °C for 2 h and titrated with ferrous ammonium sulfate (FAS)
and ferroin indicator. The amount of titrated FAS was then converted to the COD value
according to the standard method. Each sample was analyzed at least 3 times and the
deviation was within 0.5-2% of the mean data, which was used for further calculations.
The error bar of the residual COD was also included in the graph.

Based on initial and final concentrations, the removal efficiency of COD can be ex-
pressed as:

Co— G
Co

Cre = x 100% 1)
where Cgg is COD removal efficiency, Cy is the initial concentration (mg L~!), and C; is the
final concentration according to treatment time (mg L~1). All calculations and graphs were
conducted using Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) and Origin
(OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. The effect of HRT on Anaerobic Digestion

Figure 2 displays the results of the COD degradability assays of raw beverage wastew-
ater through lab-scale anaerobic digestion. The COD removal efficiencies for HRT of 3 days,
2 days, and 1 day were in the ranges of 79.97-80.13%, 79.33-79.37%, and 13.33-33.33%,
respectively. The results indicate that the microorganisms in this study could only achieve
stable and significant COD elimination with an HRT of 2 days or more, whereas the COD
removal rate was very low with an HRT of 1 day. This was consistent with the treatment
of beverage wastewater by using an anaerobic reactor that removed 78, 60, and 42% of
COD at HRT 12, 8, and 4 h, respectively [22]. The phenomenon that COD decreases as
HRT increases is attributed to a sufficient exposure time between bacteria and influent [23].
The COD reduction in this study was also similar to the removal of 80% COD by anaero-
bic digestion of dairy and cheese whey wastewater using an HRT of 4.6 h at mesophilic
temperature (35 °C) [24]. However, this HRT was shorter than the present study, as the
anaerobic digester was well-controlled during operation. When the HRT was longer, the
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pH of the mixture inside the UASB reactor tended to increase, ranging from 7.82 to 8 for an
HRT of 3 days, 7.43 to 7.46 for an HRT of 2 days, and equaling 5.45 for an HRT of 1 day,
indicating a shift from acidic to weak alkaline during digestion. The average COD removal
efficiency between 2 and 3 days of HRT showed no significant difference (around 0.68%).
This was probably because of the saturation in the biodegradation of organic pollutants. To
optimize the COD removal rate and shorten treatment time, the effluent from an HRT of
2 days was used for further post-treatment by implementing the electro-oxidation process.
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Figure 2. Effect of HRT on COD removal and pH change with the first day for incubation (HRT
3 runs from the 2nd day to the 11th day, HRT 2 runs from the 11th to the 17th day, and HRT 1 runs
from the 17th to the 20th day).

3.2. Electro-Oxidation as a Post-Treatment
3.2.1. Mechanisms

Although anaerobic fermentation was an effective method for reducing COD by
treatment of biocompatible organic pollutants in beverage wastewater, there were still
a large amount of refractory organic matter. Hence, electro-oxidation was considered
for the post-treatment of beverage wastewater. According to Deng and Englehardt [13],
electrochemical oxidation of contaminants in wastewater appeared in two different ways
that are summarized in Figure 3. Nevertheless, the utilization of platinum-coated titanium
(Pt/Ti) in this study was not the prerequisite for direct electro-oxidation, which was
obligatory electrolysis by an oxide anode (MxOy) [25]. A series of indirect oxidation
reactions in the presence of chloride during electrolysis are shown in Equations (2)—(8).

Anodic reactions:

2C1I" = Clp + 2e™ )

6HOCI + 3H,O — 2Cl10;~ +4Cl~ + 12H* + 1.50, + 6e~ (3)
2H,0 — O + 4H* + de~ @)
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Bulk reactions:
Cl, + 2H,O — HOCI + H* + C1~ 5)
HOCI — H* + OCl1~ (6)
Cathodic reactions:
2H,0 +2e~ —20H +H, ?)
OCl™ +H,O +2¢~ — Cl™ +20H™ (8)

Formed hypochlorous acid (HOCI) and hypochlorite ions (OCl™) in bulk reactions
(Equations (5) and (6)) are strong oxidants that are used for oxidizing soluble organic
compounds [26,27]. Thus, this oxidation agent was a primary factor in removing the COD
in the study. Moreover, electroflotation was known to support treating wastewater by elec-
trochemical methods with inert electrodes. Pure hydrogen and oxygen gas bubbles from
Equations (4) and (7) generated during the electrolysis of water can carry suspended parti-
cles to float to the top of the electrochemical system [1]. However, the particles observed in
this study were negligible. Therefore, the floatation phenomena appeared insignificant.
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Figure 3. Mechanisms of electro-oxidation.

3.2.2. The Effect of Electrolysis Time

Firstly, the treatment time of the electrochemical system was considered from 0 to
100 min to determine the proper period and to avoid wastage of energy. In addition,
unnecessarily extending the treatment time also harms to the longevity of the electrodes. All
data from this investigation are summarized in Figure 4. In general, the results showed that
COD was removed by increasing the treatment time for all sets. The concentration of COD
reduced from an initial value of 6190 mg L™ to 3741, 2300, 1203, 1058, 900, and 1059 mg L~
for 5, 10, 15, 20, 25, and 30 V at the final time of electrolysis, respectively. Obviously, the
COD removal efficiency improved during the electrochemical progress, 39.56, 62.84, 80.56,
82.91, 85.46, and 82.89% for 5-30 V, respectively. The results show that the longer the
electrolysis time, the more excess organic pollutants were oxidized. It means that the COD
removal efficiency increased with the electrolysis time. The results in Figure 4b indicate
that the concentration of chemical oxygen demand (COD) decreased as the treatment time
increased. The COD removal efficiency improved during the electrochemical process, with
the highest removal efficiency of 82.88% reached after 80 min of treatment at a voltage of
20-30 V. However, the removal efficiency slightly decreased from 80 to 100 min of treatment.
Figure 4c shows the decrease in the concentration of chemical oxygen demand over time.
The rate of decrease in COD per minute was highest in the first 40 min and decreased
gradually until the 80th minute. From 0 to 40 min, the decrease in COD per minute
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was 16.05, 62.21, 78.35, 84.00, 89.75, and 97.25 mg L 1m! for voltages of 5V to 30V,
respectively. This shows that the oxidation of organic matter was strong during the first
40 min due to the formation of chlorine species from brine electrolysis. However, the rate of
decrease slowed down between 40 and 80 min and became insignificant from 80 to 100 min.
There are a few previous studies with similar results that indicated a longer electrolysis
time leads to an increase in the COD removal efficiency. Sandoval et al. [28] reported the
COD removal efficiencies were increased from 60% in 150 min to 72% in 300 min by using
stainless steel as the cathode and Ti/RuO,-TiO; as the anode with NaCl as a supporting
electrolyte. Meanwhile, Tran et al. [29] also revealed the relationship between electrolysis
time and COD removal efficiency; according to their study, COD was removed at 20, 43,
and 60% within 20, 50, and 60 min, respectively. Based on the electrolysis mechanisms,
the phenomena of eliminated COD increasing by reaction time can be described due to
the chlorine species being abundantly formed and reacting with contaminants in the first
80 min. The electrochemical in the 20 min left in this investigation was redundant, causing
a waste of electricity. Hence, the period of electrolysis time within 80 min was chosen for
the next considerations in this work.
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Figure 4. Effect of electrolysis time (0-100 min) on COD removal. (a) Residual COD. (b) Removal
efficiency of COD. (c) COD reducing rate.

3.2.3. The Effect of NaCl Dosage

The additive is an important factor to improve the electro-efficiency. Therefore, the
electrolytic cell was operated under different percentages of NaCl to investigate the effect
on COD removal efficiency. All results of the investigation of NaCl amounts (0, 1, 3, 5,
and 7 g L) for 5-30 V in 80 min are shown in Figure 5a,b. The COD removal efficiencies
observed without the addition of NaCl were found to be in the range of 0.16 to 0.32%.
This can be attributed to the low conductivity of the raw effluent, resulting in weak
electroflotation through water electrolysis. Additionally, the absence of oxidation agents,
caused by the deactivation of indirect EO in the absence of chloride ion, also contributed
to the low efficiencies. The variations in COD removal efficiencies for NaCl of 1, 3, 5,
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and7 g L1 were recorded from 6.30-39.56%, 26.50—-62.84%, 33.40-80.56%, 46.70—-82.91%,
43.79-85.46%, and 42.43-82.90% for 5-30 V, respectively. Comprehensively, the COD
concentration tended to decrease with the rise in NaCl dosage. Based on the anodic reaction
(Equations (2)—(4)), chloride ions (Cl ™), as a mediated agent, can be easily converted into
different products such as chlorine gases (Cl,), hypochlorous acid (HOCl), hypochlorite
(OCI7), and/or chlorate ions (ClO; ™) through the electrochemical process. These active
chlorine species are the main factors to rapidly oxidize organic pollutants; in this way, the
COD concentration can be diminished significantly. This effect occurred strongly with NaCl
concentrations of 3 g L1 but was unchanged at 5 and 7 g L. Yao et al. [30] also reported
a similar result, the COD removal improved when increasing chloride concentrations, from
77.4% (0 mg L) to 88.6% (250 mg L~1) with Ti/PbO, as anode and Ti as cathode at initial
COD concentration of 337 mg L~!. Another study reported the utilization of 50 mM NaCl
as an additive to increase the degradability of organic compounds in the treatment of
winery wastewater through electrochemical oxidation. During the experiment, the COD
was reduced by 75.8% after 400 min of electrolysis using a BDD anode and a stainless-steel
cathode in the electrolytic cell [31].
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Figure 5. Effect of % of NaCl and initial pH on COD. (a,c) Residual COD. (b,d) RE of COD.

Except NaCl, other chemicals such as KCl, Na;SO4, NaNOj3, NayCOj3, and NaClOy are
also generally known as supporting electrolytes [16]. However, NaCl still takes advantage
of its superiority for indirect EO, not only is it more effective for oxidizing a variety of
refractory organic pollutants but it has high solubility and is a low-cost material. In
many cases of wastewater treatment, NaCl has been selected as a priority electrolyte more
than the others. Zhu et al. [32] conducted an experiment to investigate the effectiveness
of four different electrolytes on COD degradation. They found that the highest COD
degradation efficiency was achieved with NaCl as a supporting electrolyte, 82% of COD
was removed from simulated dye wastewater after 3 h of treatment. Similarly, Titchou
et al. [33] mentioned that efficient COD removal was due to the presence of NaCl, whereas
NaySO4 was better at elimination of total carbon and phenol. As such, NaCl can be
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appropriate in this study. To be unaffected for further treatments because of excess chlorine
and also gain the optimal COD removal rate, an NaCl concentration of 3 g L ! was adopted
for the next considerations of this study.

3.2.4. The Effect of Initial pH

The initial pH of the effluent in the electrochemical system in the presence of chloride
plays a crucial role in the formation of oxidant species. Thus, varying the initial pH
conditions can significantly affect the removal of COD. Figure 5c,d shows the effect of
initial pH (pH 5, 7.45, and 10) on the COD reduction of applied voltages 5-30 V with
constant conditions—80 min of electrolysis and 3 g L1 of chloride concentration. At pH 5,
the COD removal efficiency changed in a range 39.57-83.1% for 5-30 V. A similar result
appeared for natural pH 7.45 of the effluent, COD was removed at 39.56-83.00% for 5-30 V.
In the final condition, pH 10, the COD removal efficiency was relatively low, which changed
in a range of 6.10-50.68% for 5-30 V. The findings of the investigation suggest a correlation
between the initial pH of the effluent and the reduction of COD. Specifically, a decrease
in the initial pH was observed to result in an increased percentage of COD reduction. In
general, low pH is supposed to be a considerable factor in enhancing the oxidation of
organics by electro-generated active chlorine [34]. Furthermore, the relative amount of
these chlorine species can be specified following Equations (9) and (10) [35,36].

Acidic and neutral medium (pH 3-8):

Cl, + 2H,O0 — HOCl + H* + C1~ 9)
Alkaline medium (pH > 8):
Cl, +20H™ — ClIO™ +Cl” + H,O (10)

As the above equations suggest, HOCI is the dominant oxidation agent in the pH
range from 3 to 8, whereas ClIO™ mainly appears at pH > 8 [37]. Based on this theory, it is
concluded that the removal of organic pollutants in terms of COD was more effective at
a low to moderate pH with the formation of HOCI in our study. Likewise, Lu et al. [38]
revealed that high COD removal efficiency appeared at acidic and neutral conditions,
whereas alkaline conditions were more effective for ammonia nitrogen removal. This can
be explained, as a low pH medium may increase oxygen overpotential and inhibit the
oxygen evolution reaction leading to enhanced electrochemical possibilities [39]. Another
study presented the relationship of a low pH value and COD for real textile wastewater
treatment by electrochemical oxidation. The optimum operational conditions for COD
removal were applied as 3 g L' NaCl, electrolysis time of 3 h, pH 2, and using a boron-
doped diamond anode [40]. Meanwhile, Periyasamy and Muthuchamy [41] reported the
most effective pH condition to remove 82% COD for the electrochemical oxidation of
paracetamol-containing wastewater was at low pH 4. In this study;, it was observed that
pH 5 exhibited better performance compared with natural pH 7.45, although the difference
was insignificant. As a result, a natural initial pH was considered to be the optimal choice
due to its cost-effectiveness.

3.2.5. Technical Investigation—Electro-Properties

Figure 6a shows the change in current and temperature in different applied voltages
under the constant conditions of 80 min of electrolysis time, 3g L' NaCl, and natural initial
pH. The lowest temperature (50 °C) was gained at a current density of 43.2 A m~2, whereas
the temperature reached 84 °C at a current density of 156.25 A m~2. For the electrochemical
system, the temperature rises when accumulating more power. Sun et al. [42] also revealed
that under no temperature control conditions for an electrochemical reactor, the temperature
tends to be higher with longer treatment times. The temperature of the study reached
50 °C after 3 h of treatment. This result is significantly lower than the present study. This
discrepancy can be attributed to the utilization of a higher voltage in the present study,



Sustainability 2023, 15, 5551

300

which aimed to reduce the treatment time. As a result, the application of additional energy
to the electrolytic cell led to an increase in both current and temperature. These factors

have the potential to impact the durability and safety of the system.
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Figure 6. The changing of electrical parameters under optimal conditions (80 min of electrolysis time,
3g L1 of NaCl concentration, and natural pH of 7.45). (a) CD, current, and temperature of 5-30 V.
(b) Current efficiency, energy consumption, and specific energy consumption.

The current efficiency (CE) for COD removal was determined by Equation (11) [43]:

Fv(ci—¢y)

E =
¢ 81t

x 100% (11)
where F is Faraday constant of 96,487 C mol~1, I is the current of electrochemical system
(A), V is treated sample volume (L), and C; and Cy represent the initial and final COD
(mg L), respectively, during the electrolysis time of t (s).

Meanwhile, the change in energy consumption (EC) per cubic meter of COD was
calculated according to Equation (12) [44]:

o utt
~ 1000V

EC (12)
where U and I represent the electric potential of the electrolytic cell (V) and constant current
(A), respectively, that is supplied for the electrochemical system. V is the volume of treated
wastewater (m3) and t is the retention time (h) for EC in kWh m~3.

In addition, the specific energy consumption of COD (kWh kgCOD!) also can be
expressed as [45]:
_ Uit
~ 1000VACOD

As seen in Figure 6b, an applied voltage of 5 V performs the most efficient current
with CE = 295.47%, EC = 13.83 kWh m 3, and SEC = 5.67 kWh kg COD~!. However,
this voltage presented quite poor COD removal efficiency with the optimal conditions
of electrolysis. Also, the voltages in the range of 10-15 V exhibited a similar result, high
current efficiency but low COD removal. Meanwhile, the performance of current slightly
shifted from 198.32-169.06% for 20 to 30 V of applied voltages, respectively. A current
density of 135.4 A m~2 seems to be the best choice for the objective of this study. It not
only removed COD at 82.88% but was also cost-effective in operation and much more
energy saving for high treatment efficiency. Energy consumption reached 173.33 kWh m 3,
whereas specific energy consumption was 33.79 kWh kgCOD™! for this electrochemical
condition. To evaluate the economic and electricity efficiency, some previous studies have
been mentioned to compare with this study. Nurhayati et al. [46] have shown that a CE
of 74% and a SEC of 145 kWh kgCOD™! for an EO system could remove 80% of COD.

SEC (13)
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Another study has revealed that removing of 55% COD consumes just 1 kWh m~2 and has
a CE of 400% [47]. According to the electricity price in the local market [48], the maximum
energy cost for beverage wastewater treatment of the whole system (anaerobic digester
considered insignificant) was 16.23 USD m 3 or 3.16 USD kgCOD ..

3.3. Summary of the Combination Process

All of the wastewater characteristics before and after treatment are presented in Table 2.
In summary, the treatment process removed 96.47% COD from initial COD concentrations
of 30,000 to 1059.73 mg L~!. The raw wastewater had a low conductivity of 0.0094 mS cm~};
the addition of an enhancing agent such as NaCl to improve the electro-properties of the
electrolytes is appropriate. Moreover, the color of the effluent was also reduced completely,
which is shown in Figure 7. The color reduction reached 100% in the range of the visible
wavelength from 400-600 nm. Meanwhile, Table 3 presents a comparison of COD removal
efficiencies achieved by various wastewater treatment methods. The results of this study
indicate relatively high effectiveness when compared with other methods. This may be
attributed to the successful combination of anaerobic digestion and optimal application of
the electro-oxidation system. However, it is important to note that the comparison may be
limited by differences in operational conditions, wastewater characteristics, and analytical
methods used. Further investigations are needed to fully assess the potential of this
integrated approach in wastewater treatment. Additionally, future studies may consider
the economic feasibility of the method and its scalability for large-scale applications.

Table 2. Characteristics of wastewater before and after treatment.

Parameter Before Treatment AD Treatment EO Treatment
COD (mg L™ 1) 30,000 6190 1059.73
Removal efficiency (%) - 79.37 96.47
Color Brown-yellow Light brown-yellow Colorless
Conductivity (mS cm™1) 0.0094 0.0094 10.31
Temperature (°C) 25 - -
1.6
—— Raw

14
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El
S 08 \
)
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Figure 7. UV-Vis spectrum for color reduction during each stage of treatment.
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Table 3. Comparison of COD removal efficiency for different systems for wastewater treatment.

Treatment Method Type of Wastewater Initial COD COD Removal Efficiency Reference
Pre-treatment: AD 1 o .
Post-treatment: EO Beverage wastewater 30,000 mg L 96.47% This work
Pre-treatment: EC ! . 1 o
Post-treatment: EO Soft drink wastewater 4300 mg L 85% [49]
Pre-treatment: EC . 1 N
Post-treatment: EO Dairy wastewater 4010 mg L 60% [50]
Pre-treatment: UASB reactor . 1 o
Post-treatment: RO 2 Landfill leachate 4200 mg L 95.4% [51]
Pre-treatment: EC . 1 0
Post-treatment: NF3, RO Textile effluent 370mg L 93% [52]
Pre-treatment: Fungal Green table olive 1 o
Post-treatment: EO processing wastewater 11,750 mg L 96% (531
Pre-treatment: Electro-Fenton
Post-treatment: AF 4, Olive mill wastewater 95,000 mg L1 88.4% [54]
ultrafiltration
Pre-treatment: EO . 1 o
Post-treatment: UASB Textile dye 847.5mgL 70% [55]
Pre-treatment: Electrochemical Toxtile offluent 1201 mg L1 729 [56]
Post-treatment
Pre-treatment: GAC °
Post-treatment: Blackwater 1732 mg L1 69% [57]

Electrochemical cell

L EC: Electrocoagulation; 2, RO: Reverse osmosis; 3. NF: Nanofiltration; 4. AF: Anaerobic Filter; °>. GAC: Granular
activated carbon.

On the other hand, some fuel gases as by-products were generated during the opera-
tion of the system. This was also evaluated in this study; all results are recorded in Table 4.
These gases might be supposed to be an advantage of this system compared with the others.
Sathe et al. [50] also built a combination system based on microbial fuel cells to reduce
COD but there was no presence of such by-products as in the current study. Methane
and hydrogen from the digestion system were analyzed by GC, methane occupied 8.2%,
whereas hydrogen was 10.8%. Typically, the methane percentage is higher than hydrogen
in a biohythane mixture from an anaerobic system [58]. The percentage of this mixture
can be affected by some parameters such as pH, solid retention time, and nutrients [59,60].
Therefore, the non-controlling of these parameters led to the concentration of hydrogen
that is higher than methane in this study.

Table 4. By-product gases from the system.

Biogas from AD
H, (%) 10.8
CHy (%) 8.2
CO, (%) 1.9
Theoretical Gas from EO
H, (g) 0.012826

In addition, hydrogen is continuously released throughout the EO process (Equation (7)).
This hydrogen gas was known as one of the purest hydrogen resources. The amount of hydro-
gen electrogenerated (i (g)) was determined by Faraday’s law, given by Equation (14) [61]:

M x It x CE
MK ydrogen = - F (14)

where M is molar mass of hydrogen (g mol™!), n is electrons exchange, F represents
the Faraday constant, whereas I, ¢, and CE indicate electrical parameters of current (A),
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electrolysis time (s), and current efficiency (%), respectively. The number of by-products
was trivial since all conditions were set for maximizing the removal of COD. However,
the products might be advantageous for other works, and further investigation in another
study to optimize these products is necessary.

4. Conclusions

In the present study, the main objective was to evaluate the effectiveness of a se-
quential combined AD/EO system for the removal of COD from high-strength beverage
wastewater. The experiment was carried out in batch-mode lab-scale under a non-control
temperature. Anaerobic digestion was a pre-treatment for raw rich-COD effluent, and COD
was removed from 30,000 to 6190 mg L~! (efficiency of 79.37%) at the optimum condition
of an HRT of 2 days. Meanwhile, the EO as a post-treatment attracted more focus in this
study. Some important parameters such as electrolysis time, NaCl dosage, initial pH, and
electro-properties were investigated for the EO reactor. COD was removed from 6190
to 1059.73 mg L~! (efficiency of 82.87%) at the optimum conditions of 3 g L~! NaCl and
a natural pH. The EO system was operated under 20 V, current density of 135.4 A m 2,
80 min of electrolysis time, and the use of Pt/Ti electrodes. As consequence, this system
can reduce 96.47% of COD and 100% of color. The energy consumption and specific energy
consumption were relatively low at 177.33 kWh m~3 and 33.79 kWh kgCOD !, respectively.
Furthermore, fuel gases such as methane and hydrogen can collect during operating this
system. However, some potential limitations exist in this study, such as the inability to
control the conditions inside the UASB reactor, the absence of analysis on biogas production,
and the lack of exploration of different electrolytes and electrodes. As a result, it is essential
to address these factors in future work.
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