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Abstract: Anaerobic digestion (AD) appears to be a popular unit operation in wastewater treatment
plant to treat waste activated sludge (WAS) and the produced methane gas can be harvested as
renewable energy. However, WAS could inhibit hydrolysis stage during AD and hence pre-treatment
is required to overcome the issue. This paper aimed to study the effect of electrochemical pre-
treatment (EP) towards efficiency of AD using titanium coated with ruthenium oxide (Ti/RuO2)
electrodes. The investigation has been carried out using in-house laboratory batch-scale mesophilic
anaerobic digester, mixed under manipulation of important operating parameters. Optimization was
performed on EP using response surface methodology and central composite design to maximize
sludge disintegration and dewaterability. By operating at optimal conditions (pH 11.65, total solids
22,000 mg/L, electrolysis time 35 min, current density 6 mA/cm2, and 1000 mg/L of sodium chloride),
the pre-treated WAS in terms of mixed liquor volatile suspended solids (MLVSS) removal, soluble
chemical oxygen demand (sCOD), capillary suction time (CST) reduction, and extracellular polymeric
substance (EPS) were 38%, 4800 mg/L (increased from 935 mg/L), 33%, and 218 mg/L, respectively.
Following AD, the volatile solids (VS) removal and chemical oxygen demand (COD) removal by EP
were enhanced from 40.7% and 54.7% to 47.2% and 61.5%, respectively, at steady-state. The biogas
produced from control and electrochemical pre-treated WAS were in the ranges of 0.12 to 0.17 and 0.2
to 0.24 m3/kg VSfed, respectively, and the volume of biogas produced was 44–67% over the control.
Based on the results obtained, suitability of EP for WAS prior to AD was confirmed.

Keywords: biogas; electrochemical process; mesophilic anaerobic digestion; response surface method-
ology; titanium coated with ruthenium oxide (Ti/RuO2); waste activated sludge

1. Introduction

Biological treatment is a common method applied in most wastewater treatment
plants (WWTP). During treatment of municipal wastewater, waste activated sludge (WAS)
is produced in huge amounts as a by-product, with the total solids concentration varying
between 0.8 and 1.2% [1]. The transportation, treatment and disposal of WAS is an im-
portant issue as it adds to the overall cost of wastewater treatments, as well as for sludge
management [2,3]. Therefore, an efficient sludge treatment strategy is highly desired to
minimize its volume and reduce the WWTP operating cost.
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Anaerobic digestion could diminish domestic wastewater sludge solids by 30–50%,
and at the same time produce methane gas (CH4). The CH4 gas can be converted to energy
and offset part of the operating cost of WWTP [4]. WAS has low biodegradability and re-
quires long retention time for anaerobic digestion. Extracellular polymeric substances (EPS)
that exist in WAS hinder sludge hydrolysis [5]. EPS consists of two major organic compo-
nents viz., proteins and polysaccharides [6]. It has high water binding properties [7–9] and
represents up to 80% of the mass of WAS [10]. Pre-treatment, such as using photo-Fenton
process [11], biological hydrolysis [12], and an electrochemical process [13] is required to
degrade EPS in order to improve WAS disintegration and digestibility by turning large
organic materials into smaller, biodegradable components. Increasing relatively low levels
of EPS can aid sludge dewaterability by improving the level of sludge flocculation [14].
This reduces the number of small particles present in the sludge, a factor that has been
shown previously to make the sludge easier to dewater [15]. Capillary suction time (CST)
is an indicator to measure the dewaterability of sludge.

Electrochemical process has been shown to be a promising method for wastewater
treatment. Furthermore, electrochemical treatment is versatile and can be applied to differ-
ent type of wastewaters. It is also environmentally benign as it does not produce secondary
pollutants after treatment. In electrochemical processes, it is aimed to increase the degrad-
ability of the influent waste sludge, which results in enhancement of anaerobic digestion
efficiency. Ruthenium oxide (RuO2) anode is one of the mixed metal oxides (MMO) which
has relatively long lifetime, high electro-catalytic activity, low cost and is suitable for in-
dustrial utilization [16,17]. The use of Ti/RuO2 electrode has been demonstrated to be
effective in the treatment of various type of effluents, such as produced water [18], wastew-
aters from petroleum industry [19], and textile wastewater [20]. Biopolymeric substances
were disintegrated to smaller and biodegradable fractions, and the treatment efficiency of
subsequent biological treatment was enhanced [13,21].

The working principal of electrochemical process using Ti/RuO2 anode is shown in
Reaction (1), in which water molecules are oxidized that yields physiosorbed hydroxyl rad-
icals (•OH). At the anode surface, interaction between the metal oxide and •OH generates
an electrode with higher oxidizing power as depicted in Reaction (2).

RuO2 + H2O→ RuO2(•OH) + H+ + e− (Reaction 1)

RuO2(•OH)→ RuO3 + H+ + e− (Reaction 2)

Subsequently, pollutants (P) can be oxidized through redox reactions of RuO3/RuO2 as
demonstrated in Reaction (3). Nonetheless, the oxidized electrode can also be decomposed
simultaneously through the oxygen evolution by-reaction, as depicted in Reaction (4) [22–24].

RuO3 + P→ RuO2 + PO (Reaction 3)

2RuO3 → 2RuO2 + O2 (Reaction 4)

We have previously conducted a preliminary study on WAS disintegration by Ti/RuO2
electrodes under the influence of several operating conditions and demonstrated effective-
ness of the electrochemical process [25]. Yu et al. (2014) conducted research on treating
WAS via electrochemical approach through utilization of Ti/RuO2 electrodes aided with
hypochlorite, and compared its performance with conventional methodology [26]. It was
demonstrated in their study that the electrochemical pretreatment was able to enhance
degradation of organic matter by 38.1% and biogas production by 63.4%. Nonetheless, the
study has been devoted to mere comparison between electrochemical and conventional
pre-treatment at a base operating condition, while elucidation on the effect of important
process variables has not been focus such as to study the effect of concentration of EPS and
CST reduction on sludge disintegration and dewaterability. A later study of Ye et al. (2016)
further reaffirmed the feasibility of using Ti/RuO2 anode in electrochemical pre-treatment
aided with hypochlorite while extending the study through manipulation in concentration
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of ClO−. The authors reported enhanced methane production by 61.1% compared to the
control, at an optimal dosage of 0.6% (v/v) hypochlorite [27]. In a recent study by Erden
(2019), he performed a comparison and process optimization of electro-oxidation process
towards disintegration degree (DD) of biological sludge through adaptation of varying
electrode (viz. Ti and Ti/RuO2) pairs. DD was selected as the system response, with
voltage and time being the process variables to be varied [28]. In another current work
by Ajab et al. (2020), the Ti/RuO2 anodes was further coated with RuCl3xH2O solutions
of varying concentrations to be applied in degradation of 16 priority polycyclic aromatic
hydrocarbons (PAH). The authors found that the optimal condition was obtained under
medium precursor solutions concentration (0.8 M) [29].

Based on a review of published literatures, it is found that solubilization of pollutants
through utilization of Ti/RuO2 electrodes is found to be a promising process. Studies
have been emerging to elucidate the effect of varying process variables towards the WAS
degradation process, which reaffirms that an electrochemical process is highly dependent
upon operating conditions. It is seen that there has been a shift towards improvement of the
electrochemical process through additional coating or a precursor solution over recent years.
However, a majority of the studies have been devoted to evaluation of electrochemical
pre-treatment for the digestion of contaminants using laboratory scale investigations
in a qualitative manner. In fact, quantification of interactions between process inputs
and outputs are actually important to enhance the understanding of the process. The
investigation is typically required if the process factors inherit significant relationships
between one another, which results in strongly non-linear correlations, and is complicated
to be elucidated via mere experimental observation. In this context, the works devoted to
quantification of process variables in electrochemical pre-treatment in anaerobic digestion
have been limitedly reported to date. In addition, process optimization of biological
sludge’s disintegration using only Ti/RuO2 electrodes via employment of correlation with
high precision has to be performed prior to improvement of the electrochemical process to
gain effective insight underlying the process. Albeit acknowledgement on the importance
of optimization towards pollutant’s degradation under the influence of varying operating
parameters, the number of research studies are still scarcely available. Among the limited
work, the recent study by Erden [28] is included. Nonetheless, merely two manipulated
variables have been studied (e.g., voltage and time) with the ultimate response confined to
DD. In addition, it is found that majority of the studies have been limited to only study
up to solubilization of waste, while electrochemical treatment for improvement of biogas
production has received less scrutiny [26].

Therefore, the objectives of this paper were: (1) to perform process quantification and
optimization of essential operating parameters, determined from our previous study [25],
towards WAS disintegration and dewaterability of Ti/RuO2 electrochemical treatment,
and (2) to study the effect of operating Ti/RuO2 electrochemical pre-treatment at optimal
variables on anaerobic digestion and biogas production of WAS. Novelty of this work
lies on process quantification of four dependent variables, such as Mixed Liquor Volatile
Suspended Solids (MLVSS) removal, soluble Chemical Oxygen Demand (sCOD), Capillary
Suction Time (CST) reduction, and Extracellular Polymeric Substance (EPS) [30,31], with
respect to influence of four important and interacting operating conditions, which includes
initial pH value of sludge, sludge concentration, electrolysis time and current density. In
this work, response surface methodology (RSM) was used to quantify the effect of four main
variables: pH of the sludge sample, sludge concentration, electrolysis time, and current
density on the four dependent variables: MLVSS removal, sCOD, CST reduction, and EPS,
which represent the sludge’s disintegration and dewaterability, that reflect efficiency of
WAS pre-treatment. RSM has been selected since it is able to generate precise results at
the expense of reduced experimental works in comparison to the conventional one-factor-
at-a-time approach and full-factorial design [32]. Central composite design (CCD) has
been chosen as the design matrix because it enables valid recognition of the first-order
variables’ interaction and gives a second-order polynomial model to predict the optimum
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operating conditions of the selected parameters [33]. The RSM models have been employed
to determine the optimal influencing conditions, which have been subsequently adapted
to proceed with study of anaerobic digestion for biogas production.

2. Materials and Methods
2.1. Sample Preparation and Electrode Coating

In the present study, WAS was gained from the secondary clarifier of a sewage treat-
ment plant located at the Universiti Teknologi PETRONAS campus. The WAS samples
were concentrated by settling and kept at 4 ◦C in a cold room before being used. Table 1
presents the properties of the raw WAS averaged from three samples.

Table 1. Properties of waste activated sludge (WAS).

Parameter Mean Value (Standard Deviation)

pH 7.02 (±0.02)
Total solids (mg/L) 41,500 (±1301)

Volatile solids (mg/L) 26,020 (±572)
Mixed liquor suspended solids (mg/L) 38,057 (±1052)

Mixed liquor volatile suspended solids (mg/L) 25,371(±387)
Total chemical oxygen demand (mg/L) 35,850 (±271)

Soluble chemical oxygen demand (mg/L) 935 (±21)
Capillary suction time (s) 114 (±9)

Extracellular polymeric substances (EPS) (mg/L) 1 370 (±12)
1 EPS comprises of total protein and polysaccharides.

Pechini’s methodology was employed for the preparation of RuO2 coating on a pair
of titanium plate electrodes, with an effective electrode area of 43.65 cm2 [25,34]. The
coating solution was prepared from analytical grade citric acid, propanol and ruthenium
(II) chloride dehydrate in the molar ratio of 3:10:1.

2.2. Experimental Procedures and Statistical Analysis

Electrochemical pre-treatment was conducted in a 1 L glass beaker through adaptation
of Ti/RuO2 electrodes in pair. The electrical current was supplied by a power unit with a
constant voltage of 20 V. Yuan et al. [35] reported that optimal electrolysis voltage to be in
the range of 15 to 20 V [35], while Erden [28] found 20 V as the most effective condition to
be applied for the electrode couples [28]. The sludge samples were stirred gently during
the experiments to avoid sludge settling and were collected for measurement of MLVSS,
sCOD, CST, and EPS.

Design Expert software (version 6.0.7) was employed to design the experiments.
RSM and CCD were used to the quantify the effect of four main variables: pH of the
sludge sample, sludge concentration, electrolysis time, and current density on WAS pre-
treatment. Subsequently, it can be used to determine optimal operating conditions of
the electrochemical process for the ultimate goal in improving sludge disintegration and
dewaterability. Table 2 shows the study ranges which were chosen based on our preliminary
results [25].

Table 2. Independent variables and their levels for the CCD used for electrochemical process.

Independent Variable Code
Levels and Ranges (Coded)

−1.68 −1 0 1 1.68

pH A 9 10 11 12 13
Sludge concentration (mg/L) B 10,000 15,000 20,000 25,000 30,000

Electrolysis time (min) C 10 20 30 40 50
Current density (mA/cm2) D 2.5 5 7.5 10 12.5
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The response data were analyzed using Design Expert software (version 6.0.7) to
determine the effects of model terms. The optimum operating conditions were established
using an overlay plot by setting the minimum and maximum permissible values. After
electrochemical pre-treatment, the initial pH of sludge samples was adjusted to 7 with
H2SO4 solution and stored at 4 ◦C before being subjected to anaerobic digestion.

Anaerobic digestion was conducted within two similar bench-scale reactors oper-
ated at batch-fed and perfectly mixed conditions through agitation at 120 rpm. Each of
the digesters consists of sludge feeding and sampling ports for addition and removal
of substrate. Pre-treated and untreated WAS were fed into the reactors daily to make
comparison between digestibility of the sludge. The inoculum was obtained from a local
municipal WWTP, which utilizes sequencing batch reactor (SBR) for anaerobic digestion of
the wastewater. The thickened WAS was digested with a Sludge Retention Time (SRT) of
15 days regulated at mesophilic temperature of 37 ± 0.5 ◦C. Quantity of seed to be added
was approximated to be 20 times the amount of anticipated volatile solids in the raw WAS
according to United States Environmental Protection Agency (USEPA) [36]. Each of the
digesters (2 L working volume) was flushed with nitrogen gas to ensure an oxygen-free
environment. Throughout the process, the digestion was observed tightly to safeguard that
a steady-state condition was been maintained with daily fluctuation in COD decrement
being continuously <10%. Collection of samples was carried out daily for solid and COD
measurement whereas biogas (CH4 and CO2) measurements were conducted two times
per week.

2.3. Analytical Methodology

Solids, which encompass total solids, volatile solids, mixed liquor suspended solids,
and mixed liquor volatile suspended solids, were determined in accordance with Standard
Methods [37]. COD was determined by the Reactor Digestion HACH Method No. 8000 [38].
The dewaterability of sludge was determined by measuring its capillary suction time (CST)
using Triton type 319 Multi-CST (Triton Electronics Ltd., Dunmow, UK). EPS, which is
made up of two major components (protein and polysaccharides), were extracted by Triton
methodology [39,40] and determined as total summation of them. Protein concentration
was determined by the Bicinchoninic acid (BCA) methodology [40], and polysaccharides
concentration was determined by sulfuric acid-UV approach [41]. The biogas production
rate was recorded during scheduled routine through measurement of water volume dis-
placed in a cylinder connected to the digester. With regards to determination of biogas
composition (methane and carbon dioxide), a gas chromatograph (PerkinElmer® Clarus®

580 GC) with dual thermal conductivity detector (TCD) and packed column (7’ Hayesep
N 60/80, 1/8” Sf; 9’ Molecular Sieve 13 × 45/60 Sf; 9’ Molecular Sieve 5A 45/60 Sf; 4’
HayeSep T 60/80 Sf) was adapted. Chromatograms were produced via the PerkinElmer’s
refinery gas test mix with part number N6107198.

3. Results and Discussion
3.1. Disintegration and Dewaterability of WAS by Electrochemical Pre-Treatment

In this section, the disintegration and dewaterability characteristics of WAS through
the pre-treatment process were analyzed and discussed. In this context, the effect of four
important process variables discussed in our previous study, such as pH, sludge concen-
tration, electrolysis time, and current density, towards four important indicators of the
disintegration and dewaterability properties, viz. MLVSS removal, sCOD concentration,
CST reduction, and EPS concentration, were provided quantitatively. Subsequently,
process optimization was performed in which the four operating parameters were
optimized to determine the most suitable operating conditions for disintegration and
dewaterability of WAS.



Sustainability 2021, 13, 4874 6 of 13

3.1.1. Process Analysis

Experimental data were evaluated using approximating functions of four dependent
variables viz., MLVSS removal (Y1), sCOD concentration (Y2), CST reduction (Y3) and EPS
concentration (Y4). Equations (1)–(4) are the corresponding model equations obtained from
CCD. A, B, C, and D are independent variables that correspond to pH, sludge concentration,
electrolysis time and current density, respectively. The ANOVA m for Y1 to Y4 of the quadratic
model were attached in Tables S1−S4, respectively, in the Supplementary Material.

Y1 = 16.31 + 8.04A + 3.99B + 1.15C + 0.37D + 1.99A2 − 0.44B2 − 1.02C2

+0.75D2 − 1.27AB + 0.64AC− 0.068AD + 0.30BC + 0.17BD + 0.49CD
(1)

Y2 = 4299.63 + 2026.34A + 529.81B− 464.65C + 60.43D + 115.46A2 − 489.79B2 + 250.91C2

+327.29D2 + 829.37AB + 76.97AC + 66.82AD + 92.36BC + 46.41BD− 92.27CD
(2)

Y3 = 40.79− 9.32A− 3.94B− 1.26C− 0.25D− 11.96A2 + 3.18B2 − 0.057C2+
3.16D2 − 3.64AB + 0.23AC− 0.68AD− 0.11BC + 0.34BD + 0.34CD

(3)

Y4 = 266.78 + 97.66A + 44.53B + 30.48C + 9.19D + 52.10A2 − 4.08B2 + 23.87C2 − 16.3D2+
42.31AB + 6.58AC + 1.49AD− 29.80BC + 5.00BD + 2.83CD

(4)

The four equations show that pH (A) has the highest weightage of single effect among
all four operating parameters; followed by sludge concentration (B), electrolysis time
(C) and current density (D). The two most significant interactive effects (pH and sludge
concentration) of the electrochemical pre-treatment are illustrated as three-dimensional
response surface plots in Figure 1.

Sustainability 2021, 13, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 1. Three-dimensional response surface plots of (a) MLVSS removal; (b) CST reduction; (c) 
sCOD and (d) EPS between pH and sludge concentration. 

Representative response surface plots showing the effect of pH and sludge concen-
tration on MLVSS removal, CST reduction, sCOD and EPS concentrations at 30 min elec-
trolysis time and 7.5 mA/cm2 current density are presented in Figure 1. The maximum 
MLVSS removal, CST reduction, sCOD, and minimum EPS were 28.6%, 48.6%, 7310 mg/L, 
and 499 mg/L, respectively, at pH 10.5–12 and sludge concentration of 20,000–25,000 
mg/L. Figure 1 shows that MLVSS removal, sCOD, and EPS increased with the increment 
in pH. With addition of alkaline, the surfaces of bacteria had more negative charges, which 
cause enhanced sludge disintegration and desorption of EPS, due to higher electrostatic 
repulsion [45]. Consequently, the cellular substances were disintegrated, releasing sCOD 
and EPS to the aqueous phase. Many studies have used changes in sCOD concentration 
as an indication of sludge treatment efficiency in terms of solubilization [46,47]. Significant 
sCOD increment indicates that WAS disintegrated effectively through the electrochemical 
pre-treatment. However, sludge dewaterability would deteriorate with increment in EPS 
concentration, thus affecting the CST reduction. The figure shows that the highest CST 
reduction was at about 48.6% at pH 11. Further increment in pH did not improve the CST. 
The concentrations of sCOD and EPS increased with the increment in sludge concentra-
tion but had minor effect on CST reduction. This may be attributed to increment in sludge 
concentration that increases the EPS, which consequently balanced out or even deterio-
rated the CST reduction. Generally, MLVSS removal and EPS increased whereas sCOD 

Figure 1. Three-dimensional response surface plots of (a) MLVSS removal; (b) CST reduction; (c) sCOD and (d) EPS between
pH and sludge concentration.



Sustainability 2021, 13, 4874 7 of 13

Table 3 shows important statistical parameters for the model, i.e., F values, adequate
precision (AP), probability of lack-of-fit (PLOF) and R2 values.

Table 3. ANOVA for response surface quadratic model.

Response Model (F Value) PLOF AP R2

MLVSS removal (%) 0.0002 0.0126 11.393 0.8759
sCOD <0.0001 0.0059 11.544 0.9016

CST reduction (%) <0.0001 0.0055 15.074 0.8867
EPS <0.0001 0.0944 14.096 0.9199

In this study, p-values of the examined models were <0.0002; showing that the models
were statistically significant (p < 0.05) for the four responses. A lack-of-fit test is used to see
how well a model fits the data. The probability of lack-of-fit (PLOF) should be insignificant
(p > 0.05) for a good fit, such as that demonstrated by EPS in this study. Nonetheless, a
data set that has a statistically significant model with simultaneous momentous lack of fit
can happened. This can be rationalized when the center points are fitting better than the
model points, which could ultimately trigger a significant lack of fit (LOF) statistic [42].
Additionally, the optimal operating condition proposed by the model can be employed
to further verify applicability of the results. Adequate precision (AP) indicates the ratio
of signal to noise. All the responses had AP > 4, indicating that an adequate signal has
been obtained. Thus, the models can be used to navigate the design space [43]. The R2
coefficient provides a further verification of the responses variation between the observed
and predicted values by the models. R2 value close to 1 indicates that experimental data
are highly correlated with prediction of the model, and it should be at least 0.8 for a good
fit [44]. The R2 values in this study were therefore acceptable. The ANOVA statistical
results indicate that the model prediction for sludge disintegration and dewaterability are
of sufficient precision.

Representative response surface plots showing the effect of pH and sludge concentra-
tion on MLVSS removal, CST reduction, sCOD and EPS concentrations at 30 min electrolysis
time and 7.5 mA/cm2 current density are presented in Figure 1. The maximum MLVSS
removal, CST reduction, sCOD, and minimum EPS were 28.6%, 48.6%, 7310 mg/L, and
499 mg/L, respectively, at pH 10.5–12 and sludge concentration of 20,000–25,000 mg/L.
Figure 1 shows that MLVSS removal, sCOD, and EPS increased with the increment in
pH. With addition of alkaline, the surfaces of bacteria had more negative charges, which
cause enhanced sludge disintegration and desorption of EPS, due to higher electrostatic
repulsion [45]. Consequently, the cellular substances were disintegrated, releasing sCOD
and EPS to the aqueous phase. Many studies have used changes in sCOD concentration as
an indication of sludge treatment efficiency in terms of solubilization [46,47]. Significant
sCOD increment indicates that WAS disintegrated effectively through the electrochemical
pre-treatment. However, sludge dewaterability would deteriorate with increment in EPS
concentration, thus affecting the CST reduction. The figure shows that the highest CST
reduction was at about 48.6% at pH 11. Further increment in pH did not improve the CST.
The concentrations of sCOD and EPS increased with the increment in sludge concentration
but had minor effect on CST reduction. This may be attributed to increment in sludge
concentration that increases the EPS, which consequently balanced out or even deteriorated
the CST reduction. Generally, MLVSS removal and EPS increased whereas sCOD decreased
with the increase in electrolysis time while CST reduction was not appreciably affected by
the electrolysis time. With time, sludge solubilization increased as more sludge cells were
disintegrated. CST reduction, and the concentrations of sCOD and EPS increased with the
increase in current density as more electrons passing through the circuit increased the rate
of oxidation at the anode.
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3.1.2. Process Optimization by Response Surface Methodology (RSM)

The four operating parameters were optimized due to the inherent trade-off rela-
tionship between them. In order to meet the objective of maximizing MLVSS removal,
sCOD concentration, and CST reduction while minimizing EPS concentration, the response
limits were set for each parameter by adjusting the minimum or maximum permissible
values in the Design Expert software, viz. minimum MLVSS removal 24%, minimum sCOD
6000 mg/L, minimum CST reduction 28%, and maximum EPS 400 mg/L, as depicted in
Figure 2.

Figure 2. Overlay plot for optimal region at pH 11.65 and sludge concentration 22,000 mg/L.

The shaded region in the overlay plot shows the optimum parameters—pH 11.65,
sludge concentration 22,000 mg/L, electrolysis time 35 min and current density 6 mA/cm2.
It is in good agreement with Yuan et al. [35], who reported the CST of WAS was reduced by
25.2% after electrochemical pre-treatment. Another study demonstrated that the MLVSS re-
moval was increased with longer electrolysis time and greater electric power but decreased
with higher initial sludge concentration [13]. However, the MLVSS removal was much
lower (7.87%) with sludge concentration of 12.9 g/L, pH 10 and electrolysis time 30 min,
compared to the current study.

Electrolyte was added under optimum operating conditions to further enhance the
efficiency of the Ti/RuO2 electrochemical pre-treatment. It has been reported that chloride
as supporting electrolyte would result in more effective degradation on MMO anodes such
as Ti/RuO2 [48,49]. It is noticeable that by applying 1000 mg/L of sodium chloride (NaCl),
the MLVSS removal was significantly increased from 18 to 37.9% and CST reduction from
24.8 to 32.7%, but no further increment was observed at higher concentrations of NaCl
(Figure 3). Hence, the formation of additional oxidizing species (hypochlorite ion) that
could further break down WAS is inferred [50]. It was also noted that with the addition of
500 to 2000 mg/L NaCl, there was about 15% increase in sCOD concentration while EPS
concentration was hardly affected.
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Figure 3. The effect of NaCl on MLVSS removal, CST reduction, sCOD, and EPS concentrations.

3.2. Anaerobic Digester Performance

Mesophilic anaerobic digestion of raw (control) and pre-treated WAS were carried
out to determine the suitability of electrochemical oxidation as a pre-treatment option
for application in biogas production. The control and pre-treated sludge were fed to
the digesters for processing with 15 d SRT. After three cycles of digestion, steady-state
operation was attained with variations in decrement of COD being observed to be <10%
consistently. To verify the effectiveness of electrochemical pre-treatment, COD removal,
VS removal, and biogas production were used as the indicators of sludge digest-ability
enhancement.

During digestion, COD is measured and regarded as one of the parameters that
describes solubilization extend of the organic matter [51]. Figure 4 shows the changes in
COD concentrations of both electrochemically pre-treated WAS fed and the control reactors
during anaerobic digestion for four cycles. Both digesters showed similar trend as COD
decreased in first three cycles and achieved steady-state after 45 days. The average effluent
COD concentrations of electrochemically pre-treated WAS fed and the control reactors were
20,494 and 24,155 mg/L, respectively. The lower concentration of COD in pre-treated WAS
showed more organic matter was solubilized into degradable form. The average COD removal
from the pre-treated WAS fed and the control reactors was 61.5 and 54.7%, respectively.

According to USEPA Standards for the Use or Disposal of Sewage Sludge [36], a
minimum of 38% VS removal has to be achieved for effective stabilization of sewage
sludge. The VS reduction in control was higher when compared to the pre-treated WAS
after digestion giving a reduction of 40.7%, compared to 34.5%. In a digestion system
incorporating a pre-treatment, a substantial fraction of the organic matter is solubilized
before the sludge reaches the anaerobic digester. This fraction should be included when
calculating the overall solids reduction by the sludge treatment system. Thus, the total
VS reduction in the WAS with pre-treatment was 47.2%; which is greater than 40.7%
(control). The results corresponded well with those reported by Xu et al. [52], that states
final VS removal of electrochemical pre-treated-anaerobic digested WAS at day 45 was
45.5%, whereas 38.9% was achieved in the control.
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Figure 4. COD concentrations during anaerobic digestion of electrochemically pre-treated WAS
and control.

The methane component of the biogas from electrochemically pre-treated WAS and
control was 65.4 ± 2.8% and 64.8 ± 3.3%, respectively, at steady-state. It agreed well
with the average methane composition of 63% for conventional anaerobic digestion [53].
The average biogas production of the control at steady-state was 0.12–0.17 m3/kg VSfed
(Figure 5) in accordance with typical WAS digestion (0.15–0.30 m3/kg VSfed) [54]. The
pre-treated WAS fed anaerobic digester accelerated biogas production to 0.2–0.24 m3/kg
VSfed, which was about 42% higher than the control. This is because pre-treatment of
WAS hydrolyzed a part of the organic matter into soluble forms, and improved digestion
efficiency. In recent studies, biogas production by electrochemical pre-treated-anaerobic
digestion system has been reported to be about 60% higher than in control [26,52]. However,
the difference in results is probably due to different operating conditions in electrochemical
pre-treatment (e.g., greater effective electrode area, smaller distance between electrodes,
etc.), which will eventually affect the performance of the anaerobic reactor.

Figure 5. Volume and rate of biogas production during anaerobic digestion of WAS by electrochemical
pre-treatment and control.
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4. Conclusions

RSM was used to model and optimize electrochemical pre-treatment of WAS using
Ti/RuO2 electrodes. The optimum operating variables were pH 11.65, sludge concentration
22,000 mg/L, electrolysis time 35 min and current density 6 mA/cm2 aided with 1000 mg/L
sodium chloride to achieve MLVSS removal 38%, CST reduction 33%, sCOD 6000 mg/L
and EPS 400 mg/L. Electrochemical pre-treatment has the capability to improve WAS
disintegration and dewaterability by increasing the soluble organic fraction or sCOD, and at
the same time reducing solids concentration and CST. In addition, via operation at optimal
operating condition, WAS anaerobic digestion has been substantially improved via the
electrochemical pre-treatment step, viz. 47.2% total VS reduction, 61.5% COD removal and
0.2–0.24 m3/kg VS·d biogas production rate; compared to 40.7% total VS solids reduction,
54.7% COD removal and 0.12–0.17 m3/kg VS·d biogas production rate for control. It
has also been demonstrated in this study that the integration of the optimally operated
electrochemical-anaerobic digestion system as a WAS pre-treatment strategy is able to
improve production rate and capacity of biogas by 44–67% in comparison to conventional
process using mere anaerobic digestion. The electrochemical-anaerobic digestion system
provides a better-quality effluent and enhances biogas production. The RSM models
and optimal operating condition obtained in this study is important to gain sufficient
insight underlying the process in order to be applied in subsequent improvement studies
dedicated to WAS treatment using Ti/RuO2 electrodes. It is hopeful that scale-up of this
electrochemical treatment WAS in actual industrial application with large capacity can be
ultimately achieved via this information. Nonetheless, for the electrochemical pre-treatment
to achieve maturation for commercialization and be fully economical viable, more research
works have to be conducted typically at larger scale. However, it is of high potential
considering that it has been demonstrated in this study that optimization of important
process variables is able to enhance sludge digestibility and biogas production. In addition,
the RSM models can be used in process automation and control of the wastewater treatment
systems for more feasible implementation of the application in industrial process.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13094874/s1, Table S1: ANOVA for MLVSS removal (Y1) quadratic model, Table S2: ANOVA
for CST reduction (Y2) quadratic model, Table S3: ANOVA for sCOD (Y3) quadratic model, Table S4:
ANOVA for EPS (Y4) quadratic model.
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