<@ sustainability

Article

Pretreatment of Slaughterhouse Effluent Treatment Plant
Sludge Using Electro-Fenton Process for Anaerobic Digestion

Mohd Imran Siddiqui 1%, Izharul Haq Farooqi "%, Farrukh Basheer !, Hasan Rameez

check for
updates

Citation: Siddiqui, M.L; Farooqi, LH.;

Basheer, F.; Rameez, H.; Isa, M.H.
Pretreatment of Slaughterhouse
Effluent Treatment Plant Sludge
Using Electro-Fenton Process for
Anaerobic Digestion. Sustainability
2023, 15, 3159. https://doi.org/
10.3390/su15043159

Academic Editor: Francesco Ferella

Received: 22 November 2022
Revised: 1 February 2023
Accepted: 4 February 2023
Published: 9 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

10 and Mohamed Hasnain Isa 2

Department of Civil Engineering, Zakir Husain College of Engineering and Technology,

Aligarh Muslim University, Aligarh 202002, India

Civil Engineering Programme, Faculty of Engineering, Universiti Teknologi Brunei, Tungku Highway,
Gadong BE1410, Brunei

*  Correspondence: farooqi_izhar@yahoo.com

Abstract: Sludge management is an integral process of an effluent treatment plant (ETP). This study
aimed at using the electro-Fenton (EF) process for pretreatment of a cattle-based slaughterhouse
ETP sludge to enhance biogas production from anaerobic digestion. EF-oxidation experiments
were conducted in 0.5 L beakers with mild-steel electrodes, to study the effect of factors, viz.,
H,O; concentration, current density and reaction time on soluble chemical oxygen demand (sCOD)
concentration, soluble extracellular polymeric substances (sEPS) concentration and volatile suspended
solids (VSS) removal efficiency. This was followed by the quantification of biogas production from
the raw and pretreated sludge in anaerobic digestion (AD). Experimental conditions for the EF
process were optimized using response surface methodology (RSM). At optimized experimental
conditions, EF pretreatment resulted in an increase in sCOD and sEPS concentrations, from 0.91 g/L
to6.1g/Land 0.18 g/L to 1.4 g/L, respectively. VSS removal efficiency was 68.1%. Batch anaerobic
digestion studies demonstrated an enhancement in the specific biogas yield, from 110 NmL/g-VS to
460 NmL/g-VS.

Keywords: advanced oxidation process; anaerobic digestion; biogas; electro-Fenton; sludge; slaugh-
terhouse

1. Introduction

Slaughterhouses generate large quantities of highly polluted wastewater. The main
contributors to the organic matter in these effluents include excreta, fat, undigested food,
blood, meat bits, suspended material and colloidal particles [1]. Pathogenic microorganisms
are also commonly found in animal waste. Hence, slaughterhouse wastewater has to be
treated adequately prior to discharge into the environment. Treatment of such kind of
wastewater is often carried out by traditional physicochemical and biological (aerobic and
anaerobic) systems. Wastewater treatment is generally accompanied by the production of
significant volumes of sludge that need further treatment and disposal [2]. Sludge manage-
ment accounts for more than 60% of the total treatment cost of conventional wastewater
treatment plants (WWTDPs), due to the challenging and costly nature of sludge treatment
and disposal [3]. Anaerobic digestion (AD), a method for producing renewable energy, has
been the subject of substantial investigation as a solution to this problem [4]. However,
hydrolysis (the first step in anaerobic digestion), which is the transformation of complex
organic molecules into appropriate substrates for microorganisms, significantly limits the
pace of anaerobic sludge digestion [5]. Under ideal environmental circumstances, it typ-
ically takes 20 to 30 days for 30 to 50% of raw sludge’s volatile solids to decompose [6].
The colloidal structure of sludge particles, which includes the primary constituent species
of cells (proteins, carbohydrates, lipids, and volatile fatty acids), as well as extracellular
polymeric substances (EPS), is the cause of the sluggish hydrolysis rate of this kind of
waste [7,8]. Approximately 80% of the organic matter in sludge is made up of proteins and
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carbohydrates. Cell walls shield the bulk of these proteins and carbohydrates from enzy-
matic hydrolysis, but there are also significant amounts of proteins and carbohydrates in the
EPS [5,9]. These high-molecular-weight polymers significantly impact sludge settleability,
bio flocculation, floc size, and floc stability. They also tend to inhibit the hydrolysis of the
biomass during AD [8].

Pretreatment of sludge using chemical, mechanical, thermal, physical, and biological
methods has been extensively researched, to accelerate the sludge breakdown and increase
the biogas generation [10]. Pretreatment refers to the treatment of the sludge to increase
the availability of the substrate components to microbial enzymes and, as a result, enhance
the removal of organics, improve the reaction kinetics, and increase the total biogas genera-
tion [11]. The release of trapped organic compounds, an increase in surface area-to-volume
ratio, and the hydrolysis of macromolecules, are some of the processes that are known to
increase the availability of the substrate to microorganisms [12]. In particular, hydrolysis
and [3-oxidation are the two processes of utmost importance. As hydrolysis is the first
reaction involved in the breakdown of complex substrates, this is often regarded as the
rate-limiting phase [13]. Long-chain fatty acid (LCFA) degradation by (-oxidation, on
the other hand, is the slowest process, and regulates the overall degradation kinetics for
the substrate rich in fat, oil, and grease (FOG) [14]. Researchers have suggested novel
approaches to enhance sludge pretreatment over the last decade, by combining well-known
technologies in inventive ways, such as thermal-alkaline [15,16], ultrasonic-Fenton [8,17],
electrochemical and sodium hypochlorite [18], photo-Fenton [9] and microwave-ozone [19].
By breaking up sludge flocs, destroying microbial cell walls, and transferring EPS and
intracellular organic matter into the waste’s soluble fraction, these methods have shown
their ability to accelerate sludge hydrolysis and solubilize complicated particulate mat-
ter [10,20]. Advanced oxidation processes (AOPs) have garnered much interest recently,
because they can improve biogas generation, accelerate sludge breakdown, and reduce
sludge’s potential to pollute the environment [21]. In this context, Fenton oxidation has
been extensively used to increase biogas generation, sludge dewatering, and sludge weight
reduction [22,23]. The Fenton-process efficiency depends on producing extremely reactive
hydroxyl radicals (¢OH), potent and unselective oxidizing species [24]. The catalytic break-
down of hydrogen peroxide (H,O,) with iron ions (Fe**) in an acidic environment results in
the in situ production of (¢OH) radicals [18]. Through a dehydrogenating or hydroxylating
process, these hydroxyl radicals oxidize the majority of organic compounds into CO,,
H,O, and inorganic ions [25]. The electro-Fenton (EF) technique, which depends on the
electrochemical in situ generation of Fe?* or H,O, using specific electrodes, is another
well-known Fenton technology. It includes the combined advantages of electrochemical
and Fenton treatment methods [26,27]. There is little information available on the use
of the EF process for the pretreatment of sludge, as most research until the present date
has focused on chemical Fenton pretreatment prior to anaerobic digestion [17,22,28]. In
situ (¢OH) radical production and the absence of formation of secondary sludge are the
two characteristics of these ecologically sound techniques. Additionally, it could compete
economically with other AOPs and function in benign circumstances [29]. One of the most
common electrochemical-advanced oxidation processes (EAOPs), the EF process, depends
on the production of the «OH radical in the bulk solution through Fenton’s reaction.

This paper investigates the electro-Fenton pretreatment of waste activated sludge
(WAS) from the effluent treatment plant (ETP) of a cattle-based slaughterhouse, followed by
anaerobic digestion. The variables considered under the investigation for the electro-Fenton
pretreatment were HyO, concentration, current density and reaction time. Moreover, as
we already know, pretreatment results in solid solubilization or disintegration of organic
matter, so after effective pretreatment, sCOD and sEPS concentrations would increase,
while VSS concentration would decrease. A preliminary study was performed to determine
the effective range of the variables (H,O, concentration, current density and reaction
time) for the efficient response outcome (sCOD concentration, sEPS concentration and VSS
removal efficiency) with the help of one-factor variation, while keeping the other factors



Sustainability 2023, 15, 3159

30f19

constant. After filtering the range, Design Expert software was used to apply the response
surface methodology to obtain the optimized result with two-factor interaction curves.
After optimization, a biomethane potential (BMP) test was performed to find the enhanced
specific biogas yield of the pretreated sludge, compared to untreated sludge.

2. Materials and Methods

WAS and Anaerobic Microbial Consortium (Inoculum). The waste activated sludge (WAS)
sample utilized for EF pretreatment and anaerobic digestion was collected from a local
cattle-based slaughterhouse’s ETP in Aligarh (Uttar Pradesh, India). The industry’s slaugh-
tering capacity was 800 buffaloes per day, while the ETP’s treatment capacity was 800 kL
per day. The collected samples were kept at 4 °C for further studies [30]. Table 1 shows the
properties of the collected WAS. Anaerobic digestion was conducted in duplicate, to evalu-
ate the digestibility of raw and EF-pretreated sludge. The anaerobic microbial consortium
(inoculum) utilized for anaerobic digestion was also taken from the same slaughterhouse’s
upflow anaerobic sludge blanket reactor (UASBR).

Table 1. Characteristics of Waste Activated Sludge (WAS).

Parameter (Unit) Mean Value + SD
pH 73+0.1

EC (mS/cm) 72+1.1

TDS (mg/L) 3470 +£ 710
TS (mg/L) 30,140 + 4070
VS (mg/L) 21,000 + 4960
SS (mg/L) 26,420 + 3270
VSS (mg/L) 19,970 + 4590
sBODs (mg/L) 454 + 63
sCOD (mg/L) 1087 £+ 130
tCOD (mg/L) 35,082 + 9118
VFA (mg/L) 52 +11
Alkalinity (mg/L as CaCO3) 1242 + 141
sEPS (mg/L) 196 + 23
PO,3~ (mg/L) 154 + 44
TKN (mg/L) 185 + 97
NO,-N (mg/L) 2.93 + 0.56
NO3-N (mg/L) 28.75 + 4.99

Electro-Fenton Pretreatment. The EF process depends on the production of the ¢OH radical
in the bulk solution through Fenton’s reaction (Equation (1)). According to Equations (2)
and (3), acidic solutions with catalytic quantities of Fe>* ions are more likely to cause the
Fenton’s reagents (H,O, and Fe?*) to be produced cathodically [31,32].

H,0, + Fe?* — Fe3* + *OH + OH 1)
O, +2HY + 2~ — H,0O, (2)
Fe3* + e~ — Fe?* (3)

Laboratory-scale studies for electro-Fenton pretreatment were carried outina 0.5 L
reactor linked to a regulated DC power supply rated 30 V/05 A. For this investigation,
two mild-steel electrodes (purity > 99.5%), were employed to provide the necessary Fe?*
to catalyze the process depicted in Equation (1). The reaction was started by manually
adding H,O, (30% w/w). Based on the hypothetical synthesis of Fe?* using Faraday’s
law (Equation (4)) and the stoichiometry of the Fenton reaction, the H,O, concentration
was determined. The electrodes were positioned at the reactor’s center, approximately
2 cm apart. The electrode had a 0.3 dm? active surface area. At room temperature, 0.3 L of
raw WAS was subjected to batch pretreatment trials. Before each run of the experiment,
the electrodes were cleaned with a 1 M HCl solution and sandpaper to remove any oxide
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layer, to prevent passivation. Almost all the literature confirmed the optimum pH for the
electro-Fenton process to be around 3. Without investigating the pH effect prior to every
experiment, the sample pH was set to 3. H,SO, and NaOH were used for pH adjustment,
NaySOy4 (0.1 M) was used as a supporting electrolyte. Sample homogeneity was maintained
with a magnetic stirrer operating at 300 rpm throughout the pretreatment process.

It My
m=——

T )

where m stands for mass in grams, I for current in amps, ¢ for time in seconds, My, for the
molecular weight of iron (55.85 gm/mol), n for the number of electrons (2), and F for the
Faraday constant (96,487 C/mol).

Analytical Methods. All sample collection, processing, and storage procedures were
carried out in accordance with APHA’s Standard Methods for the Examination of Water and
Wastewater (2017) [33]. The WAS sludge was collected from a cattle-based slaughterhouse
ETP and characterized freshly. After characterization, it was stored at below 4 °C until
further use. The maximum storage period was one week. In the process of obtaining the
optimum conditions for electro-Fenton pretreatment, the pretreated sample’s properties
were identified immediately, i.e., without any storage. After obtaining the optimum
conditions, the freshly pretreated sludge was subjected to anaerobic digestion for the BMP
test. The inoculum was collected from the UASBR of the same ETP, and freshly inoculated
in the reactor without any starvation period.

Analyses were conducted in duplicate for reliability. The samples were filtered using
a 0.45 pym Whatman syringe filter. Total dissolved solids (TDS), electrical conductivity
(EC), and pH were measured using a Hach probe. The Hach vial test was used to deter-
mine chemical oxygen demand (COD), orthophosphate (PO,37), total Kjeldahl nitrogen
(TKN), nitrite nitrogen (NO,-N), and nitrate nitrogen (NO3-N). The 5-day biological oxy-
gen demand (BOD:s) test, total solids (TS), volatile solids (VS), suspended solids (SS), and
volatile suspended solids (VSS) tests were carried out, following standard procedures
APHA (2017) [33]. The titration technique was used for alkalinity and volatile fatty acids
(VFA) determination [34]. To quantify sEPS (protein and polysaccharides), a UV-Vis spec-
trophotometer was used. The Folin-phenol reagent technique [35] was used to determine
the concentration of protein (PN), and the sulphuric acid-UV method was employed to
determine the content of polysaccharides (PS) [36]. Table 2 shows the parameters and their
respective analytical methods.

Table 2. Analytical methods for sludge characterization.

Parameters Method/Reference

TDS Probe CDC-401, Hach

EC Probe CDC-401, Hach

pH Probe pH-201, Hach

COD USEPA reactor digestion method 8000, Hach
PO43' Molybdovanadate method 8114, Hach
TKN Nessler method 8075, Hach

NO,-N Ferrous Sulphate method 8153, Hach
NO3-N Cadmium-reduction method 8039, Hach
BODs 5210 B, Standard methods, APHA 2017 [33]
TS 2540 B, Standard methods, APHA 2017 [33]
VS 2540 E, Standard methods, APHA 2017 [33]
SS 2540 D, Standard methods, APHA 2017 [33]
VSS 2540 E, Standard methods, APHA 2017 [33]
VFA Titration method [34]

Protein (PN) Folin-phenol reagent method [35]

Polysaccharides (PS) Sulphuric acid-UV method [36]
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Biomethane Potential (BMP) Test. To assess the specific biogas yield for untreated and
EF-pretreated sludge, batch fermentation assays under mesophilic conditions were carried
out [37]. Anaerobic digestion was carried out in a reactor with a total capacity of 6 L. All
reactors were fed in duplicate, with a working capacity of 4 L. The amounts of the WAS
sample (substrate) and inoculum were added to the reactor in such a proportion so as to
maintain a VS (substrate)/ VS (inoculum) ratio equal to 1 [38]. The anaerobic medium’s
pH was adjusted to 7.2. To maintain homogeneity in the reactor, it was mixed manually
by shaking it once daily. A control batch experiment was run, using just the inoculum to
determine the amount of biogas that would be produced from the seeding material itself.
Utilizing the water-displacement technique, the daily production of biogas was measured.
Biogas yield was calculated in terms of biogas volume at normal temperature and pressure
conditions per unit mass of substrate VS(Nml/g-VS) added at the start of fermentation.

Optimization of Factors. The main objective was to analyze the data and look into
the process’s viability, in order to enhance the pretreatment system. In order to fully
comprehend the subject and the range of possible operating settings for the variables,
the rise in sCOD concentration as a response was investigated. The examined ranges for
H,0; concentration (mg/g-TS), current density (mA/ cm?), and response time (min) were
25-1000 mg/g-TS, 10-60 mA /cm?, and 15-180 min, respectively. Design Expert software
was used for central composite design (CCD) and response surface methodology (RSM),
to analyze the experimental data with sCOD concentration (mg/L), sEPS concentration
(mg/L), and the VSS removal efficiency (%) as response parameters. The model was
then developed using the experimental results to determine the coefficients and effects of
each parameter.

3. Results

Effect of HyO, Concentration. A vast range of H,O, concentrations has been studied and
significantly diverse results have been reported in the literature. Studies conducted by Feki
et al. 2019 [39] found an optimal H,O, concentration of 1.8 g/L for municipal sludge. To
assess the impact of HyO, concentration, the other operating parameters were held constant
(current density = 40 mA/ cm? and time = 60 min) and the H,O, dosage was varied from 25
to 1000 mg/g-TS. Figure 1 depicts the variation in sCOD with HyO, concentration. It clearly
shows improvement in sCOD with increasing HyO, concentration up to 300 mg/g-TS, after
which a negative trend is seen. The mineralization action of H,O, at high concentrations
might explain the reduction in sCOD with increasing H,O, concentration.

5000

4500
4000
3500

=)

5 3000

g

0 200 400 600 800 1000
H,0, (mg/g-TS)

Figure 1. Variation in sCOD vs. H,O, conc (current density = 40 mA / cm?, time = 60 min).

Effect of Current Density. Current density is an essential parameter for electro-Fenton
pretreatment, since power consumption accounts for a large proportion of the cost of
this pretreatment [40]. It has an impact on the generation of Fe?*, H,O,, and (¢OH)
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radicals [41,42]. To assess the impact of current density, the remaining operating parameters
were held constant (H,O; concentration = 250 mg/g TS, reaction time = 60 min). The
experiments were conducted over a current density range of 10-60 mA /cm?. The effect
of current density on sCOD concentration is shown in Figure 2. It was observed that a
considerable change in sCOD was detected up to a current density of 40 mA /cm?. Further
increase in current density did not result in a substantial rise of sCOD as compared to
power usage. This could be explained by the fact that with the increase in current density,
the dissipation rate of FeZ* was increased, which reacted with the available H,O5 as per
Eq. 1, and resulted in more eOH generation. However, as the available amount of H,O,
and the reaction time were limited, so further increase in current density did not result in a
further significant increase in sCOD.

5000
4500 A
4000
3500

W
(=3
(=3
(=]

w
(=3
S

sCOD (mg/L)
[3*) (3%

—_
wn
(=3
(=]

1000 4
500

0 10 20 30 40 50 60
Current density (mA/cm?)

Figure 2. Variation in sCOD vs. current density (H,O, conc = 250 mg/g-TS, time = 60 min).

Effect of Reaction Time. Reaction time is also an essential element in electro-Fenton
pretreatment. Whereas adequate time is required for the reaction to be carried out, ex-
cessively long reaction times result in excessive energy consumption, which raises the
cost of pretreatment. To investigate the impact of time, a range of 15-180 min was chosen
while the other factors were kept constant (H,O, dosage = 250 mg/g-TS, current density
=30 mA/cm?). The results are summarized in Figure 3, from where it can be seen that
sCOD increased with increasing reaction time until 120 min, after which it decreased. This
reduction in sCOD with increasing reaction time might be attributed to the mineralization
of solubilized organics into CO,, H,O, inorganic ions, etc. [21].

6000

5000

4000

sCOD (mg/L)
W
(=3
=

(3=
(=3
(=3
(=]

1000 4

0 15 30 45 60 75 90 105 120 135 150 165 180
Time (min)

Figure 3. Variation in sCOD vs. time (H,O, conc = 250 mg/g-TS, current density = 30 mA /cm?).
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Response Surface Methodology (RSM)

Statistical Analysis. RSM is a valuable statistical tool for planning, modeling, assessing,
and optimizing chemical processes in wastewater and water pretreatment. Central com-
posite design (CCD), the most commonly used approach, was employed in this work to
maximize the responses viz., sCOD concentration, sEPS concentration, and VSS removal
efficiency. The statistical design of the experiment and data analysis were performed us-
ing Design Expert®, Version 12.0.1.0 software (Stat-Ease Inc., Minneapolis, MN, USA). In
order to examine the influence of operational parameters (variables) on responses, three
primary experimental factors were chosen: H,O, concentration (mg/g-TS), current density
(mA/cm?), and reaction time (min). It is also feasible to express the independent operating
parameters and the reaction quantitatively.

k k k
y=PBo+Y,; Bixit Y, Bixit+ YY) i, Bixixj+e ®)
j

where y is the response, x; and x; are variables, B is the constant coefficient, B;s, Biis, and
Bijs are linear, quadratic, and second-order interaction coefficients, respectively, and ¢; is
the error.

Effective Variable Range Determination and Experiment Designing. Considering the theo-
retical studies and laboratory experiment results, a CCD was performed at the set minimum
and maximum levels. The studied ranges were 50 to 350 mg/g-TS for H,O, concentration,
10 to 40 mA /cm? for current density, and 15 to 120 min for time. Table 3 presents the coded
values of the five-level variables; —1.682 (minimum), —1, 0 (center), +1, +1.682 (maximum).
The responses are represented by sCOD concentration (mg/L), sEPS concentration (mg/L),
and VSS removal efficiency (%).

Table 3. Independent variable experiment range and levels.

Factor Range and Levels (Coded)

—1.682 -1 0 +1 +1.682
H,O; concentration (mg/g-TS) (A) 50 110.81 200 289.19 350
Current density (mA/ cm?) (B) 10 16.08 25 33.92 40
Reaction time (min) ©) 15 36.28 67.5 98.71 120

Table 4 displays the results of experiments based on CCD for analyzing the influence
of the three independent factors on the responses. Solving the regression equation and
studying the response surface contour plots, the optimal values for the selected variables
were obtained [43]. The coefficient of determination, R?, indicates the quality of fit of the
regression model. The modelled equation was used to predict the optimal values and
highlight the interaction between the elements within the defined range [44]. Twenty tests
were carried out in duplicate, in accordance with the strategy outlined in Table 4.

Analysis of Variance (ANOVA). The ANOVA approach was used to examine the impact
of various parameters on sCOD concentration, sEPS concentration, and VSS removal effi-
ciency. Table 5 shows the ANOVA findings for the models obtained for sCOD concentration,
sEPS concentration, and VSS removal efficiency. Low p-values (<0.05) suggest that the
models are statistically significant. The (ANOVA) findings showed that only the quadratic
model is suitable for sCOD concentration and VSS removal efficiency. In contrast, the
two-factor interaction model was suitable for sEPS concentration. The large model F-values
(28.77,40.62, and 25.41) indicate that the models are significant for the three responses. The
corresponding Prob. > F value is lower than 0.05 at the same time. The R? and adjusted R?
values are near 1.0 and close to each other, which supports a strong correlation between the
factors and the responses. The large p values for lack of fit (>0.05) show that the F-statistic
was insignificant for the three models, implying significant model correlation between the
variables and process responses [45].
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Table 4. CCD based on three independent variables.

Run H,0, Conc. Current De;lsity Reactio‘n Time <COD EPS VSS
No. mg/g-TS mA/cm min mg/L mg/L Removal
(A) (B) ©) %

1 -1 -1 -1 1499 562 16.58
2 +1 +1 -1 3110 1005 24.78
3 +1 +1 +1 5305 1448 66.2
4 +1 -1 +1 3644 1066 29.56
5 0 0 0 2769 724 39.06
6 0 0 0 3444 807 30.2
7 0 0 0 3279 789 29.5
8 0 0 0 3588 851 33.96
9 0 0 —1.682 1355 440 22.46
10 0 0 0 3570 750 37.24
11 -1 +1 +1 3405 634 52.02
12 0 +1.682 0 4199 1128 38.26
13 -1 -1 +1 1905 598 28.32
14 0 0 0 3780 859 38.04
15 +1 -1 -1 1809 208 17.76
16 0 0 +1.682 4095 893 55.92
17 0 —1.682 0 2004 406 22.16
18 +1.682 0 0 3219 851 29.92
19 —1.682 0 0 1494 471 15.9
20 -1 +1 -1 2085 965 13.18

Table 5. ANOVA table.

Sources zgﬁia(:: ]I):ref":sz;f Mean Squares F-Values i’,;‘;;ll;e;
sCOD concentration ?
Model 2.105 x 107 9 2.339 x 10° 28.77 A<O'.0.001
(significant)
Residual 8.128 x 10° 10 81,282.05 - -
0.8913
Lack of fit 1.896 x 10° 5 37,917.69 0.3042 (not
significant)
5
Pure error 6.232 x 10 5 1.246 % 10° - -
sEPS concentration ®
Model 1.469 x 10° 6 2.448 x 10° 40.62 <0-0001
(significant)
Residual 78,340.96 13 6026.23 - -
0.1392
Lack of fit 63,879.63 8 7984.95 2.76 (not
significant)
Pure error 14,461.33 5 2892.27 -
VSS removal efficiency ©
Model 3474.66 9 386.07 25.41 .<O'.0.001
(significant)
Residual 151.94 10 15.19 - -
0.5941
Lack of fit 67.50 5 13.50 0.7993 (not
significant)
Pure error 84.45 5 16.89 - -

aR2 =0.9628, Rzadj = 0.9294, Coefficient of variance (CV) % = 09.57.  R% = 0.9494, Rzad]- =0.9260, Coefficient of
variance (CV) % = 10.05. € R = 0.9581, Rzadj =0.9204, Coefficient of variance (CV) % = 12.16.

The following model equations were obtained; A, B, and C represent the three inde-
pendent variables sCOD concentration, sEPS concentration, and VSS removal efficiency,
respectively. The student’s t-test and p-value were used to assess the significance of each
coefficient in these equations [43].

For sCOD concentration (mg/L),

sCOD =3399.88 + 576.64 x A +639.94 x B +758.89 x C +109.5 x AB + 288 X

AC +159.25 x BC — 337.22 x A2 — 73.8202 x B2 — 206.93 x C? ©)
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For sEPS concentration (mg/L),

SEPS =772.75 + 117.68 x A +207.39 x B +129.45 x C + 92.50 x AB + 199.50 x %
AC —97.75 x BC

For VSS removal efficiency (%),

VSS=34.65+379 x A+6.67 x B+11.72 x C+2.92 x AB + 0.33 x AC + 7.09 x ®)
BC — 4.05 x A2 — 147 x B2 +1.71 x C2

To assess how satisfactory a model is, diagnostic plots such as the predicted vs. actual
values shown in Figure 4 are helpful. Figure 4a—c show the predicted versus actual plots for
sCOD concentration, sEPS concentration and VSS removal efficiency, respectively. The R?
and adjusted R? values were 0.9628 and 0.9294 for sCOD, 0.9494 and 0.9260 for sEPS, and
0.9581 and 0.9204 for VSS removal efficiency. These plots show a good level of agreement
between actual and model-derived values.

Results of RSM. Figure 5 illustrates how the operational parameters H,O, concentration,
current density, and response time affect the sCOD concentration, sEPS concentration, and
VSS removal efficiency.

Figure 5a—c depict the variation in sCOD concentration with the change in H,O,
concentration, current density, and time. The slopes of the surface plot in Figure 5a,c are
steeper as compared to that in Figure 5b, indicating that the interactive effects of HyO,
concentration and current density, time, and current density were more significant as
compared to the interactive effect of H,O, concentration and time. It was also observed
that the maximum solubilization of organic matter or increase in sCOD occurred at the
higher H,O, concentration, current density, and time value. Figure 5d—f show the variation
of sEPS concentration with the interactive effect of operational parameters. From Figure 5d,
it was concluded that the HyO, concentration was more impactful than the current density,
because the rate of increase in sEPS with the change in HyO, concentration was higher
than that with the change in current density. Figure 5e shows that the effect of H,O,
concentration and time was very little at the initial values. At the high end of the selected
variables, the effect was significantly sharper. The increment in sEPS was steeper between
the 90 and 120 min interval and 280-350 mg/g-TS of H,O, concentration. This means that
hydroxyl radical generation and the disintegration of organic matter were more significant
at a longer time and higher H,O, concentration. Figure 5f shows the change in sEPS
concentration with the interactive behavior of time and current density. It was observed
that the starting range of time (15-45 min) and current density (10-18 mA/ cm?) was
less effective for EPS solubilization, while the range between 60 and 120 min for time
and 25-40 mA /cm? for current density showed a significantly steeper change in sEPS. It
was concluded that the optimum condition exists somewhere in this region. Figure 5g—i
present the variation in VSS removal efficiency with the change in HyO, concentration,
current density, and time. The surface plot, Figure 5g, indicates that VSS solubilization
increased continuously with the increase in current density. H,O, concentration showed a
positive effect up to around 300 mg/g-TS, and with further increase in H,O, concentration,
a decrease in VSS solubilization was observed. In Figure 5h, the interactive behavior
of HyO; concentration and time was also the same as in the surface plot in Figure 5g,
but the steepness was slightly less. From Figure 5i, it was noticed that VSS removal
efficiency was lower in the initial range of current density and time, while at the high end
of the range the VSS removal plot is steepest. RSM has studied the performance of EF
pretreatment under various operating conditions, and optimized it. The RSM-optimized
procedure demonstrates that the operating parameters of EF pretreatment are consistent
with experimental findings. The optimal conditions of EF pretreatment for maximum
sCOD concentration, sEPS concentration, and VSS removal efficiency were determined as
H,0, concentration = 300 mg/g-TS, current density = 30 mA /cm?, and reaction time =
120 min, with the maximum increase in sCOD being 6.1 g/L from 0.91 g/L, the maximum
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increase in sEPS being 1.4 g/L from 0.18 g/L and the maximum VSS removal efficiency
being 68.1%.

Predicted vs. Actual
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Figure 4. Cont.
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Figure 4. Predicted vs. actual plot for (a) sCOD, (b) sEPS and (c) VSS removal efficiency.

Enhancement in Specific Biogas Yield Potential. A biomethane potential test (BMP)
was performed in duplicate to quantify the improvement in the biodegradability of EF-
pretreated sludge, compared to untreated sludge. The control batch was run only with
the inoculum, to determine how much biogas was generated from the seeding material.
Figure 6 shows the cumulative quantity of biogas produced during the anaerobic digestion
carried over several days. Values shown in the graph represent net BMP values of the WAS
obtained by subtracting the BMP values of the seeding material. In contrast to fermentation
of the raw sludge, fermentation of the EF-pretreated sludge did not start with a time lag
in biogas production. Raw WAS produced approximately 110 Nml/g-VS of biogas, while
EF-pretreated sludge produced 460 Nml/g-TS of biogas. From Figure 6, it can also be seen
that 90 percent of the biogas yield was reached in 21 days for untreated sludge and 15 days
for EF-pretreated sludge. With a 4.2-fold increase in specific biogas yield production of
EF-pretreated sludge compared to untreated sludge, this shows that EF pretreatment is a
suitable method for enhancement of biogas production.
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4. Conclusions

The study was carried out to analyze the effect of the EF process on the pretreatment of
ETP sludge from a cattle-based slaughterhouse. Experiments were designed and optimized
using the RSM technique. H,O, concentration, current density, and reaction time were
considered as variables. The results showed that at the optimal operational conditions
(pH = 3, H,O, = 300 mg/g-TS, current density = 30 mA/cm?, and reaction time = 120 min),
the maximum increase in sCOD was 6.1 g/L from 0.91 g/L, and the maximum increase in
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sEPS was 1.4 g/L from 0.18 g/L. The maximum VSS removal efficiency was 68.1%. The
model predicted results were in agreement with the experimental findings. Compared to
raw sludge, much better results were found for the anaerobic digestion of EF-pretreated
sludge. It was found that EF-pretreated sludge had a 4.2 times higher specific biogas
yield than untreated sludge. The results of the study indicated that EF pretreatment could
effectively be used as an environmentally benign technique to enhance the biogas yield of a
slaughterhouse, and other kinds of sludge.
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