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Abstract: The slaughterhouse industry produces large amounts of highly polluted wastewater which
needs to be treated before being discharged water. Thus, this work was conducted to investigate the
feasibility of treating slaughterhouse wastewater using combined chemical coagulation and electro-
Fenton methods. We studied the effect of process parameters such as polyaluminum chloride (PAC)
concentration (25, 50, 75, 100 mg/L) for chemical coagulation and hydrogen peroxide concentration
(500, 1000, 1500, 2000, 2500, 3000, 4000 mg/L), the pH of the solution (3, 5, 7, 10), and the reaction time
(5,10, 15, 30, 45, 75, 120 min) and the voltage (10, 20, 30, 40 V) on the removal of chemical oxygen
demand (COD), biochemical oxygen demand (BOD), total suspended solids (TSS), total Kjeldahl
nitrogen (TKN), and fecal coliforms (FC). The optimum removal efficiency for the electro-Fenton
process was obtained at PAC = 75 mg/L, reaction time = 75 min, pH = 3, H,O, = 2500 mg/L, and
V =20V, which resulted in the removal efficiency of 89.55% for COD, 88.88% for BOD, 91.27% for TSS,
69.23% for TKN, and 100% for FC. The findings demonstrated that combined chemical coagulation
and electro-Fenton processes effectively and efficiently treat slaughterhouse wastewater. The results
of this research can be used by competent authorities to increase the efficiency of slaughterhouse
wastewater treatment and to protect the environment.

Keywords: combined methods; polyaluminum chloride; hydrogen peroxide; removal;
slaughterhouse wastewater

1. Introduction

With the development of urbanization and associated requirements, along with the
advancements in industries and increasing demands, pollutants are discharged into the
environment that cause health issues in the short or long term. Among them, protein
production industries, such as slaughterhouses and associated wastewater, can cause
notable damages to the environment [1]. Industrial slaughterhouses are one of the leading
centers of meat products producing a high amount of wastewater with a high organic
load, residual blood, animal feces, and fats [2]. In these units, the water consumption per
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dead animal is different depending on the animal, and the method used is 1-8 m? [3]. The
unsanitary disposal of slaughterhouse wastewater can cause serious adverse effects on the
region’s public health and contamination of soil, air, agricultural products, and water [1,4].
Organic compounds in wastewater resulted in irreversible public health risks as they are
primarily mutagenic, toxic, and endocrine-disruptors or have carcinogenic potential for
humans, animals, and aquatic environments. Even low concentrations of organic pollutants
are toxic and perilous [5,6]. The characteristics of slaughterhouse wastewater are different,
which must be discharged into receiving sources based on the standards allowed by the
Environmental Protection Agency [7]. Meanwhile, fats comprise about 40% of the total
COD in beef slaughterhouse sewage; however, less than 1% of soluble COD and more than
67% of suspended COD in mixed effluent effluents were reported (poultry slaughterhouses
and aviaries). While insoluble organics could prevent biological processes [8].

Indicator organisms are not potentially a health risk and usually not are pathogens.
These indicators show the possible presence of pathogens. Due to the pathogenic bacteria’s
capability to contaminate water, it is essential to control their availability to avoid health
risks. FC as an index of the bacteria should be evaluated constantly [9,10].

The basic control of these units’ contamination is establishing wastewater treatment
plants and strictly monitoring their operation. Different methods for treating slaughter-
house wastewater are activated sludge, stabilization ponds, anaerobic reactors, electrocoag-
ulation, and soluble air flotation [11]. Aerobic treatment processes have limited applications
due to the high energy consumption for aeration and the production of notable amounts of
sludge. However, the anaerobic treatment of abattoir wastewater is often performed and
mainly interrupted because of the accumulation of suspended solids and floating fats in
the reactors, resulting in reducing methanogenic activity and biomass leaching. Although
biological processes are occasionally operational and cost-effective, they are less favored
due to the requirements of large areas, the long time of hydraulic retention, as well as
excellent output biomass concentrations [1,12].

One of the new and widely used approaches to the elimination of contaminants
is chemical coagulation and advanced oxidation processes [13]. Several recent studies
have been carried out on the coagulation process and various coagulants [14,15]. In
wastewater treatment, the chemical coagulation process is mainly used to remove colloidal
materials that create turbidity and color. A key characteristic of wastewater coagulation is
removing suspended solids (SS) besides organic matter. However, the highest efficiency of
COD removal during the chemical coagulation process of slaughterhouse wastewater was
45-75%, achieved by adding aluminum salts, iron, and polymer compounds [15,16]. The
PAC is also a pre-polymerized coagulant, which has recently been broadly used in water
treatment in the United States, Canada, China, Italy, France, and the UK [17,18]. Innovative
oxidation procedures use oxidizing, particularly hydroxyl radicals [19]. In advanced
oxidation processes, wastewater compounds are decomposed rather than concentrated or
transferred to another phase, resulting in no secondary waste [20].

Different Fenton processes are among the advanced oxidation processes. Divalent iron
ions and hydrogen peroxide are used simultaneously in a Fenton process to decompose
and eliminate contaminants [21]. In the Fenton process, a hydroxide radical is produced
for oxidation while hydrogen peroxide and divalent iron ions exist. If electric current and
iron electrodes are used instead of divalent iron ions in the Fenton process to produce
divalent iron ions, the process is termed electro-Fenton [22]. This process has attracted
researchers because of its lower relative cost, simple implementation and operation, and
high efficiency [23,24]. Furthermore, the electro-Fenton method produces excess sludge
with relatively good deposition properties [25]. There is an integration of Fenton and elec-
trocoagulation processes for increasing the organic matter degradability in high-strength
wastewater [26,27]. The electro-Fenton process efficiency depends on the oxygen diffusion
rate, pH, temperature of the solution, the intensity of the applied current, the concentration
of Fe?*, the concentration of hydrogen peroxide, state of charge, and distance between the
electrodes. This technique investigates the removal of numerous organic contaminants,
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such as drugs, dyes, pesticides, insecticides, leachates, phenolic compounds, and similar
compounds [28]. Generally, the electro-Fenton process is a valuable technology in wastewa-
ter treatment. Although slaughterhouse wastewater, sustainable environmental protection,
and the need for extensive studies on various treatment methods are important, few studies
have been performed in this regard. Research has revealed that hybrid processes are more
efficient in treating slaughterhouse wastewater [29]. In the previous literature, it was found
that hybrid processes such as the combined use of chemical coagulation and electro-Fenton
for slaughterhouse wastewater treatment have not been reported. Thus, this study was
conducted to assess the feasibility of treating wastewater of livestock slaughterhouses by
integrating chemical coagulation processes and the electro-Fenton process.

2. Material and Methods
2.1. Sewage Sampling

Sewage sampling was carried out from the Pak Dam Slaughterhouse in Zahedan
Desert from 30 cm from the surface of the sewage storage tank, respecting homogeneous
conditions. The samples were immediately transferred to the laboratory and the initial
parameters of TSS (Total suspended solids in water and wastewater) [30], TKN (the sum of
organic nitrogen and ammonia nitrogen) [31], FC (based on the multi-tube fermentation
method is performed in presumptive phase, confirmed phase, completed phase), and
BOD (in this method, the required amount of oxygen for the oxidation of sewage organic
matter is obtained by bacteria) were determined. By measuring the required amount of
oxygen, the concentration of organic substances in wastewater that bacteria can oxidize
is obtained (biodegradability) were analyzed. The amount of BOD is usually expressed
based on five days at a temperature of 20 degrees Celsius) [32], and COD (COD is the
amount of oxygen consumed by organic matter from boiling acid potassium dichromate
solution, which represents the part of organic substances that can be decomposed under
the test conditions) [33]. To measure COD, we mixed 2.5 mL of the sample with 1.5 mL of
digestion solution and 3.5 mL of reagent and put it in the COD reactor at a temperature of
150 degrees Celsius for 2 h after cooling down. The samples were measured at a wavelength
of 600 nm [34]. Samples were then stored in the laboratory refrigerator. As our research
progressed, finding the optimal point for each variable, a 5 L sample was prepared to
perform 115 experiments. The parameters studied in this research are provided in Table 1.

Table 1. Research variables and their range.

Level Test Name (Determine Optimal Value) The Desired Parameter Range
1 PAC concentration (mg/L) 25,50, 75,100
2 pH 3,7,10
3 H,0; (g/L) 1,15,2,25,3,4
4 Voltage (V) 10, 20, 30, 40
5 Reaction time (min) 30, 60, 90, 120, 180, 240

2.2. Coagulation Test in Slaughterhouse Sewage

Chemical coagulation was conducted in the jar test apparatus (VELP TLT6 model),
at room temperature, with specific concentrations of PAC, and normal pH of the sample,
under rapid mixing settings (300 rpm) for 1 min, gentle mixing settings (50 rpm) for 20 min,
and the settling time of 1 h. A sample was taken to evaluate and analyze the effect of poly
aluminum chloride coagulant (at different doses) on the FC, TKN, TSS, BOD, and COD test
factors. The coagulant concentration yielding the best removal efficiency was chosen as
the optimal coagulant concentration. All of the experiments were done conforming to the
Standard Methods for the Examination of Water and Wastewater [35].
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2.3. Implementing the Electro-Fenton Process

After settling, the supernatant was separated from the top and located in the reactor.
Then, the pH of the sample was set to the considered range. The H,O; catalyst was added
to the sample in definite amounts to initiate the electro-Fenton reactions. Finally, by making
an electric current, the electrolysis of the solution was started to perform the electro-Fenton
oxidation reaction [36,37]. Then, the COD, BOD, TSS, TKN, and FC were calculated using
the necessary sample from the reactor at the specified times. The electro-Fenton schematic
diagram is displayed in Figure 1.

Electrochemical cell

®  [a] ]

Heater stirrer Power supply

Figure 1. The schematic view of the electro-Fenton system.

2.4. Measurement of BOD in Wastewater Samples

This is the main instrument for measuring biodegradable organic matter and is com-
monly employed for wastewater measurements. The organic matter concentration in the
wastewater oxidizable by bacteria (biodegradability) is obtained by measuring the amount
of oxygen required. The oxy-direct aqualytic sensor system is a six-sample system that
facilitates precise measurement of BOD based on barometry. By respirometric approaches,
it is possible to directly measure oxygen consumed by microorganisms from the air or
oxygen-rich environment at a fixed temperature in a closed container and flow conditions.
The system’s pressure drop is directly proportional to the amount of BOD. It is measured by
the BOD aqualytic sensor and exhibited directly in mg/L. BOD was measured in the labora-
tory using the BOD meter (WTW BSB-Controller Model 620 T). The BOD meter was placed
in the incubator to keep the temperature conditions constant during the measurement.

2.5. COD Test

For the COD measurement, the sample (2.5 mL) was mixed with reagent (3.5 mL)
and digestion solution (1.5 mL) and put in a COD reactor for two hours at 150 °C. After
cooling, the absorbance was read at 600 nm with the DR5000 spectrophotometer (DR /5000,
HACH, USA).

2.6. TKN Test

TKN is the sum of organic and ammoniacal nitrogen. After adding 50 mL of the
diluted sample to borate buffer (3 mL), the pH was set to 9.5 with NaOH (6 N). The sample
was transferred to a 100 mL Kjeldahl vessel and then transported to the digestion phase,
where the outlet from the distillation unit determined the Kjeldahl nitrogen. Then, 10 mL
of digestion reagent was added to the container comprising the sample along with five
or six glass pearls. After washing the samples, the digested sample was transferred to a
micro-Kjeldahl distillation tool. A boric acid reagent was used to determine the end of the
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titration. The collected sample was titrated with 0.02 normal sulfuric acid. All of these
operations were also conducted for a blank sample [36].

2.7. TSS Test

To measure the amount of TSS in the effluent sample, the perfectly uniform sample
(50 mL) was filtered using filter paper, which was dried at 103 °C to 105 °C and weighed
in a flat Buchner funnel. The filter paper was dried entirely and weighed from 103 °C to
105 °C. Using a Buchner funnel, wastewater (50 mL) was filtered using a weighed filter,
and the filter was dried and weighed at 103 °C to 105 °C. The TSS value was then obtained
using Equation (1).
(Wz — W]) X 106
- M
where W; (mg) is the weight of the filter paper containing the unfiltered sample, W1 (mg)
shows the filter containing the filtered sample, and V (L) is the sample size.

TSS =

2.8. Testing for FC

The standard test was conducted to identify the coliform group based on the stages
of presumptive, confirmed, and completed multi-tube fermentation. When several tubes
with different concentrations of samples are used in the fermentation test, the test results
are the most probable number. Based on presumptive formulas, this number provides an
estimate of the average density of coliforms in the studied sample. [38]. The accuracy of
each test depends on the number of tubes used. Adequate information will be obtained
when the highest concentrations of the sample in some or all tubes show the gas formation
and the lowest sample concentrations do not show gas formation in all or most of the tubes.
Bacterial density in samples can be determined with the help of specific formulas or by
using tables based on the number of positive tubes in several different concentrations. The
number of volumes removed from the sample (or the dilution coefficients for the samples)
depends on the desired accuracy of the work results. The MPN table is prepared based on
the assumption of Poisson distribution (random distribution) [38].

3. Results and Discussion
3.1. Characteristics of the Studied Wastewater

In each sampling, wastewater was assessed concerning TSS, BOD, TKN, COD, and
FC parameters. Characteristics of wastewater obtained from the slaughtering process are
displayed in Table 2.

Table 2. The properties of raw samples from the slaughterhouse.

Variable Minimum Maximum Average Standard Deviation
(mg/L) (mg/L) (mg/L) (mg/L)
BOD 2500 2900 2710 159.6872
COD 4888 5917 5238.8 416.671
TSS 1022 1273 1108.6 102.6124
TKN 201 218 2114 6.80441
FC 9.2 x 10°

Researchers worldwide consider slaughterhouse wastewater unsafe because it is
composed of proteins, fats, high organic content, fibers, pharmaceuticals, and veterinary
pathogens. Table 2 shows that the effluent from Zahedan Slaughterhouse contained TSS,
BOD, COD, TKN, and FC for 1108.6 & 102.6, 2710 4 159.6, 5238.8 + 416.6,211.4 &+ 6.8 mg/L,
9.2 x 10°. The high blood quantity is the main source of pollution in slaughterhouse
wastewater [39]. Thus, it is essential to have an efficient treatment system so that the high
blood content of organic matter is removed, and it should be according to the standards
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and requirements approved by environmental legislation for preventing ecosystem dam-
age. Blood, a critical pollutant dissolved in slaughterhouse wastewater, shows a COD of
375,000 mg/L [40]. Also, slaughterhouse wastewater encompasses high concentrations
with a high FC load in the wastewater.

3.2. Effect of Coagulating Agent Concentration on Electro-Fenton Process Efficiency

The removal efficiency of the parameters FC, TKN, TSS, BOD, and COD as a coagulat-
ing agent used is shown in Figure 2.

——COD BOD Tss TKN =—=%=Fc
80
< 70
g 60 —X
g 50 —_
=
T 40
£ 30 > —X
£ 20
=7
10
0 e
25 50 75 100
PAC concentrations (mg/L)

Figure 2. Different concentrations of PAC affect the removal of FC, TKN, TSS, BOD, and COD.

Figure 2 indicates that as the coagulant concentration increases, the removal efficiency
of FC, TKN, TSS, COD, and BOD increases. When coagulant concentration increased to
75 mg/L, the removal efficiency was increased by 61.95, 33.17, 70.93, 37.5, and 49.38% for
FC, TKN, and TSS, BOD, and COD, respectively. Nevertheless, by increasing the initial
concentration of the samples to 100 mg/L, the removal efficiencies decreased to 31.79, 68.72,
and 48.54% for TKN, TSS, and COD, respectively. Since the best efficiency was achieved at
the PAC’s 75 mg/L concentration, this was considered the optimal concentration for further
tests. Bazrafshan et al. used a PAC concentration of 25-100 mg in their study, indicating
that the removal efficiency was improved with a rising coagulant dose [32]. However, in
the present study, the removal efficiency improved by elevating the coagulation dose to
a specific concentration, but then the removal efficiency decreased. This reduction in effi-
ciency by increasing the concentration of coagulant may be related to the re-instabilization
of clots generated in the sample and the accumulation of coagulant. Zakeri et al., using a
PAC at concentrations of 25-100 mg/L, found that by increasing the PAC concentration
by 100 mg /L, the percentages of TSS (55.8) and BOD5 (42.8), and COD (49.5) removal
increased [41].

3.3. Impact of Time Changes on Electro-Fenton Process Efficiency

The FC, TKN, TSS, BOD, and COD of wastewater discharged from the chemical
coagulation phase and entering the electro-Fenton phase was 3.5 x 10°, 141 (mg/L),
308 (mg/L), 1600 (mg/L), and (2688 mg/L). The time changes based on the removal rates
of FC, TKN, TSS, BOD, and COD with constant variables pH = 3, HyO, = 2000 mg/L, and
Voltage = 20 V, which indicates that increasing the duration of the electro-Fenton process
increases the removal efficiency up to an equilibrium level around 120 min. (Figure 3).
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Figure 3. Impact of time on removal efficiency in the electro-Fenton process.

Considering Figure 3, with increased duration of the electro-Fenton process, the
removal efficiency increased so that FC was removed by 100% at t = 5 min. During the
first 15 min of the electro-Fenton process, the removal rate is highest, decreasing over time.
However, it still has an upward trend and reaches a maximum at t = 75 min. The diagram
shows that the removal values of FC, TKN, TSS, BOD, and COD are 100, 63.12, 84.74,
75, and 83.51, respectively, over 75 min. Thus, compared to the time of 120 min and the
removal values of 100%, 65.24%, 89.28%, 75%, and 84.33%, there is a slight difference in the
removal of contaminants over 45 min. “Organic pollutants with their resistant compounds
are likely to cause this, compounds that cannot be broken down by the oxidants produced
during the electro-Fenton process [42]. Heidari et al. and Yang et al. found an increase in
removal efficiency with increasing time and obtained the optimal time of 34.49 and 45 min,
respectively [43,44]. Classifying the electro-Fenton process into two phases concerning
the material’s decomposition rate is possible. In the first phase, hydroxyl radicals with
high reactivity and considerable oxidizing ability are produced by the presence of Fe?* and
H0O;. In the second phase, the removal efficiency is reduced over time, decreasing the
concentrations of Fe>* and H,0,, producing oxidizing agents with low oxidizing ability,
such as HO; *, and increasing the pH, which causes the production of Fe (OH), clots with
the slow dissolution of the absorbed organic matter [45].

3.4. Impact of pH Changes on Electro-Fenton Process Efficiency

After the coagulation and sedimentation stage, the resulting effluent is fed into the
electro-Fenton reactor to obtain the ideal pH. The values of parameters measured for the
sample entered at the time of the ideal pH was FC (3.5 x 10°) number, TKN (149 mg/L),
TSS (330 mg /L), BOD (1750 mg/L), and COD (2937 mg/L). Figure 4 shows the impact of
pH changes on the removal of FC, TSS, TKN, COD, and BOD.
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Figure 4. Impact of pH changes on the removal of FC, TKN, TSS, BOD, and COD with the constant
variables of H,O, = 2000 mg, Voltage =20V, and t = 75 min.

As shown in Figure 4, the removal efficiency decreases with increasing pH, and the
greatest removal efficiency is achieved at pH = 3. The removal percentages of FC, TKN,
TSS, BOD, and COD at pH = 3 are 100, 61.74, 81.51, 76, and 81.47%, respectively. Jurate
Virkutyte studied TOC and nitrate removal from aqueous media via the electro-Fenton
process and found the optimum pH to be 2.2 [46]. Generally, the Fenton process occurs
under moderately acidic conditions [37]. An increase in pH from 3 to 10 reduces removal
efficiency due to reduced OH * oxidation potential. These values are 2.8 to 1.9 V at a pH
of 3 to 7 [47]. At pH > 3, especially above 5, unstable H,O; in solution is converted to
water and oxygen with a constant coefficient. This conversion factor at pH of 7 and 10.5 is
23 %10 2minand 7.4 x 10 2, respectively [48,49]. At pHs above 7, the hydroxyl radical
is rapidly converted to *O~, which reacts even more slowly than OH * [47]. At higher
pH, the ferrous ion precipitates as Fe(OH)3, thus inhibiting the reaction between Fe?* and
H,0O5. Therefore, the reproduction of Fe?* is reduced, which is essential for the efficiency
of the process. When the pH is highly alkaline, decomposition of H,O, is prevented
due to the absence of H*. Thus, the production of hydroxyl radicals is reduced without
significantly decomposing the contaminants. Besides, Fe(OH); produced at high pH
accelerates the decomposition of H,O, into O, and H,O, which decreases the generation of
OH radicals and, ultimately, the electro-Fenton process efficiency [50]. Fard et al. employed
the Fenton as a post-treatment of a UASB reactor to remove TCOD and phosphate from the
slaughterhouse. Under optimum conditions, pH = 3, 1000 mg/L of H,O, and 400 mg/L of
Fe (II), the removal efficiencies of TCOD and phosphate reached 95.41 and 85.29%, but The
combined method removed TCOD and phosphate up to 98.6 and 90.5%, respectively [51].

3.5. Effect of Voltage Changes on Electro-Fenton Process Efficiency

The FC, TKN, TSS, BOD, and COD features of the reactor inlet effluent to obtain the
optimal electro-Fenton voltage was 3.5 x 100, 140, 295, 1550, and 2507 mg/L, respectively.
The voltage effect on the removal efficiency in the electro-Fenton process is shown in
Figure 5.
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Figure 5. Impact of voltage changes on the removal of FC, TKN, BOD, COD, and TSS with the
constant variables of H,O, = 2000 mg/L, t = 75 min, and pH = 3.

As shown in Figure 5, the pollutants’ removal efficiency increases with elevating volt-
age up to 20 V. Nevertheless, the BOD and COD removal efficiency decreased by elevating
the voltage to 30 V. Then, with increasing the voltage to 40 V, there was a significant reduc-
tion in the efficiency of the process, except for FC. In the studies by Li, by increasing the
voltage, the removal efficiency decreased concerning the optimal removal efficiency [52].
The important point in process efficiency is that energy consumption increases with in-
creasing voltage, which is not economically favored. Voltage is a chief reason for oxygen
reduction, which results in hydrogen peroxide production at the cathode. At higher volt-
ages, the amount of the produced hydrogen peroxide is increased. Hence, the number of
highly active hydroxyl radicals responsible for decomposition increases [53,54]. Moreover,
the higher electrical production of Fe?* ferrous ions than Fe?* ferric ions (Equation (2))
causes an increase in the efficiency of Fenton cycle reactions by raising the voltage. At
high voltages, the electro-Fenton process efficiency will decrease because of the compet-
itive reactions of the electrode in the electrolyte cell. Oxygen discharge at the anode
(Equation (3)) and hydrogen decreases at the cathode (Equation (4)) occur at high voltages.
These reactions prevent the main reactions (Equation (5)), thus reducing the efficiency of
the electro-Fenton [55-57].

Fe* + e — Fe?* (2)
2H,0 — 4H* + Oy + 4o~ 3)
2H* +2¢~— H, )
H,O - OH*+H* + e~ (5)

3.6. Impact of the Hydrogen Peroxide Concentration Changes on Electro-Fenton Process Efficiency

Here, the effect of HyO, concentration was investigated along with other optimal
parameters obtained from the previous steps to determine its optimum concentration. FC
(3.5 x 10°), TKN (143 mg/L), TSS (298 mg/L), BOD (1700 mg/L), and COD (2767 mg/L)
represent the characteristics of the effluent entering the reactor at this stage. The H,O,
impact on the removal efficiency in the electro-Fenton process is shown in Figure 6.
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Figure 6. Effect of concentration changes in hydrogen peroxide on removing FC, TKN, BOD, COD,
and TSS with constant parameters of Voltage =30 V, t = 75 min, and pH = 3.

In the electro-Fenton process, it is necessary to determine the optimal concentration of
H,O; for the removal efficiency and especially economic applicability related to H,O, costs.
The hydrogen peroxide effect on removal efficiency in the electro-Fenton process is shown
in Figure 6. It is observed that with rising H,O, concentration, the removal efficiency is
enhanced. At an H,O; concentration of 2500 mg/ L, the removal efficiencies for FC, TKN,
TSS, BOD, and COD were 100, 69.23, 91.27, 85.88, and 89.55%, respectively, indicating the
maximum removal of contaminants at that concentration. Thus, the removal efficiency
decreased with increasing concentration. A similar result was observed by Nidheesh and
Rajan and Xavier et al. [58,59]. The difference in the optimal concentration of our study with
these studies is the type and nature of the pollutants and the higher contamination load of
the slaughterhouse effluent. It should be stated that in these studies, the removal efficiency
decreased by raising the hydrogen peroxide concentration above the optimal concentration.
With the extra amounts of HyO,, hydroxyl radicals (HO; *) are generated with less reactivity
than OH * (Equations (6) and (7)). Moreover, the OH * radical is neutralized or repelled by
Fe?* (Equation (8)) [60,61]. It is noteworthy that the oxidation potential of hydroperoxyl
radicals (1.25 eV) is lower than H,O, (1.3 eV) [62].

H,0, + OH * — H,0 +HO, * (6)
H,0, + Fe®* — Fe?* + H* +HO, * (7)
Fe?* + OH * — Fe’* + OH ™ (8)

Thus, a reduced ability to access active oxidizing species at higher H,O, concentrations
results in the reduced removal of contaminants [63]. Excess H,O, acts as an OH * scavenger.
Therefore, its increased concentration leads to a reduced concentration of the hydroxyl
raptor. Furthermore, excess HyO; remaining in the solution following purification results
in toxicity [64,65].

Generally, we observed that increasing the reaction time at t = 75 min did not change
the removal efficiency due to the presence of resistant organic compounds in the sample.
Moreover, decreased removal efficiency was found due to the increased concentration of
PAC (more than 75 mg/L due to clot destabilization), HyO, (>2500 mg/L caused by radical
abduction of OH * by excess H,O), pH (>3 due to the occurrence of adverse reactions),
and voltage (>20 V due to the production of hydrogen peroxide).
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Table 3 compares the efficiency of other methods with the electro-Fenton process for
the destruction of slaughterhouse wastewater.

Table 3. The efficiency of different methods for the degradation of industrial wastewater.

Number Process Optimum Conditions Efficiency Reference
1 aerobic granular sludge in a Time = 90 days COD =95.1% [66]
sequencing batch bioreactor
BF =12 days COD =93%
2 SBR with different types of fibers CF = 13 days BOD = 96% [67]
BF =13 days TSS =97%
. . . COD =98%
3 integrated multi-stage Time = 120 days [68]
TSS = 99%
pH=65
COD = 75.25%
. . alum concentration = 1000 mg/L
4 coagulation—flocculation process [14]
rapid mixing rate = 150 rpm
SS =90.16%
settling time = 10 min
Fly ash = 75%
5 membrane filtration Quartz = 20% COD and TSS = 100% [69]
Calcium carbonate = 5%
Dose=7g/L
) . Concentration = 8772 mg/L
6 Coagulation by Moringaceae COD = 64% [70]
pH=9
Time = 120 min
7 Photolysis and heterogeneous solar pH = 6.4 COD = 84.5-91.6% (71]
photo-Fenton
pH =4.38
Time = 55.60 (min)
8 electro-Fenton H,0,/FeZ* (molar ratio) = 3.73 COD =92.37 % [72]
Current density = 74.07 mA /cm?
H,0,/PSW (volume ratio) = 1.63 mL/L
PAC=75mg /L 89.55% for COD
Time =75 min BOD = 88.88%
9 electro-Fenton process pH=3 TSS =91.27% This study
H,O0, =2500 mg /L TKN =69.23%
Voltage =20V FC =100%

4. Conclusions

The combined chemical coagulation and electro-Fenton processes were studied by
measuring the influent and effluent concentrations of COD, BOD, TSS, TKN, and FC of
slaughterhouse wastewater. Under optimum conditions, the highest and lowest removal
efficiency was related to FC (100%) and TKN (69.23%). In this study, effluent characteristics
for FC, TKN, TSS, BOD, COD were 0, 44, 26, 240, and 289 mg/L, respectively. These
values are still far from environmental standards. However, the process has very suitable
convenience and speed. On the other hand, under optimal conditions, the final FC of the
treated wastewater is zero, which is appropriate for release into the environment. Electricity
was used as a source of clean energy in this process. Thus, no secondary pollutants were
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generated in the entire process. No harmful reagents are used in the electro-Fenton process;
it is considered an eco-friendly water and wastewater treatment technique.
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