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Abstract: Understanding the efficiency of different wastewater treatment technologies tested under
real conditions is essential for successful decision making by engineers and managers. In this study,
real poultry slaughterhouse wastewater coming from defeathering, cooling, and evisceration processes
was treated using a lab-scale electrochemical process by use of iron-iron (Fe-Fe), iron-graphite (Fe-Gr)
and aluminum-graphite (Al-Gr) electrode combinations. A water quality index (WQI) was developed
and used as a tool for evaluating and classifying the effectiveness of different electrode combinations.
The Al-Gr electrode combination showed an impressive performance achieving an “excellent” status
for all of the three studied sources of wastewater with a WQI ranging from 13 to 34. The Fe-Gr electrode
combination showed an “excellent” status performance for the wastewater from the cooling process
as classified by the WQI and “good water” class for the defeathering and evisceration processes.
The lower performance, which was highly affected by the increase in turbidity, was observed for the
Fe-Fe electrode combination with a “poor water” status for the wastewater coming from defeathering
and cooling processes and “good water” status for evisceration process.

Keywords: electrochemical treatment; electrodes; poultry slaughterhouse wastewater; water
quality index

1. Introduction

Poultry slaughterhouse wastewater originates from meat production processes containing high
concentrations of organic substances. The produced wastewater is highly polluted and requires
treatment before discharging to the environment [1]. The quantity of wastewater discharged from
a poultry plant operations is estimated to be from 20 to 40 L per bird, with 25 L being a typical
value [2]. Excessive usage of water in a poultry farm leads to the release of huge amounts of wastewater
characterized by high concentrations of pollutants [3,4]. The wastewater generated from a poultry
slaughterhouse contains high organic content (chemical oxygen demand (COD), biochemical oxygen
demand (BOD)) due to protein and fats, fibers, pathogens, veterinary pharmaceuticals, total nitrogen
(TN), total phosphorus (TP), and total suspended solids (TSS) [5]. Depending on the desired degree of
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treatment, poultry wastewater is treated by using physical, chemical, and biological treatment systems.
Each treatment technology possesses advantages and disadvantages. The advantage of biological
treatment systems (anaerobic and aerobic) is the great adaptability of microorganisms to a wide variety
of wastewater composition. However, the biological treatment systems are slow treatment processes
requiring a large physical area and generating large amounts of sludge [6]. Electrochemical processes
offer an alternative as they are robust, require little space, are easy to operate, and they are flexible under
fluctuating wastewater composition [7]. However, the variability of electrode materials and design,
as well as wastewater characteristics, makes it challenging to predict the behavior of electrochemical
wastewater treatment systems [8].

In recent years, there has been a growing interest in electrochemical (EC) technologies for
wastewater treatment [9,10]. An electrochemical system consists of at least two electrodes, an anode
and a cathode, and an intermediate space filled with electrolyte [11,12]. Either a voltage source
(electrolysis cell) or an electrical load (galvanic element) is essential for the electrical circuit, which
is closed through electrical wires. Furthermore, in most cases, either a membrane or diaphragm
(acting as a separator) is used to separate the reactor into an anode and cathode compartment [7].
The electrodes can be arranged in a monopolar or bipolar mode. Several materials including aluminum,
graphite, and iron in a plate or packed form of scraps, such as steel turnings and millings, have
been used [13]. When the system is connected to a power source, the oxidation process occurs in
the anode, making it electrochemically corroded, while passivation occurs in the cathode where,
during the process, amorphous M(OH)3, also known as sweep flocs, are formed. The formed
amorphous M(OH)3 is useful for the removal of colloidal particles through a rapid adsorption of
soluble organic compounds [14]. In addition, through polymerization, the formed flocs can be
removed by sedimentation and floatation [15]. Despite the general applicability of the electrochemical
technologies for treating wastewater of different kinds, they have also been increasingly used for
the treatment of poultry wastewater [16–18] under different electrode combinations, such as using
aluminum electrodes [19] as well as iron electrodes [20]. Moreover, the performance of electrodes
in a wastewater treatment system can be highly affected by the choice of electrode materials [21],
combination [22], as well as the characteristics of the wastewater to be treated. The characteristics of a
poultry slaughterhouse wastewater are source-dependent even within the same facility. Understanding
the response of wastewater when subjected to a treatment system is a key aspect of designing
efficient processes. Although various studies [23–25] have shown the general performance of the
electrochemical technologies for the treatment of poultry slaughterhouse wastewater, the response
of a poultry slaughterhouse wastewater treatment system when subjected to different combinations
of electrode materials has not been comprehensively studied. Therefore, a comparison of different
electrode combinations for a wastewater treatment system is of great importance before adopting a
certain combination. The present study provides a comprehensive comparative analysis in terms of
performance for three types of electrode combinations for poultry slaughterhouse wastewater with the
help of a water quality index (WQI).

Understanding all alternative wastewater treatment scenarios and the achieved water quality
requires technical knowledge, which makes the need for simple and easy ways to present the results
attractive and even necessary. The typical manner of presenting water quality reports may be too
technical, detailed, and hard to understand, especially for readers who are not from the water quality
field. Moreover, this kind of analysis produces some doubtful results; for example, presenting lab
analysis results with many parameters and different concentrations with different units cannot be easily
understandable by non-experts [26]. The use of the WQI is one of the handy ways to present information
related to water quality with an easy-to-understand approach [27,28]. The WQI approach for water
quality analysis has been widely used in various studies [29–31]. A WQI provides a summary of a
technical and large amount of data from water quality analyses by replacing them with simplified terms
such as extremely bad, bad, good, and excellent which are easier for non-experts to understand [32].
In 1965, Horton defined the WQI with a status classification from poor to the ideal, where the range
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was from 0 to 100 [33]. The definition was based on eight indicators or parameters of water quality,
which were given a weight following their influence on the quality of water. The National Sanitation
Foundation (NSF-WQI) of the United States and the Canadian Council of Ministers of the Environment
(CCME-WQI) of Canada are members of the organizations that have been working on water quality
indices for many years. There have been many research studies since then that have utilized and
developed the idea further [34–36]. Despite many approaches and methodologies for water quality
evaluation, there are still some challenges in the field, such as the selection of the appropriate water
quality parameters for a particular requirement [37].

In this study, wastewater samples collected from the Izhevski poultry slaughterhouse industry in
Izhevskoye village, Kazakhstan, were used. Three wastewater samples coming from different poultry
slaughterhouse production processes were used, namely defeathering, evisceration, and cooling.
The samples were transported to the Water and Environmental Management laboratory at the L.N.
Gumilyov Eurasian National University for analysis and then treated in a lab-scale electrochemical
process by using three different electrode combinations: iron to iron (Fe-Fe), iron to graphite (Fe-Gr),
and aluminum to graphite (Al-Gr). This study aimed to utilize the potential of the WQI as a tool for
assessing the performance of different electrode combinations for purifying wastewater from a poultry
slaughterhouse. Based on the developed WQIs, the quality of the treated water obtained from each of
the three electrode combinations was then classified from the “excellent” status to the “unsuitable for
drinking” status, with drinking water as a reference. The selection of drinking-water quality standards
as references was based on the fact that the studied treatment methods were investigated for their
potential to produce high-quality water for the cooling section of the slaughterhouse.

2. Materials and Methods

2.1. Industrial Case Study Description

The wastewater samples were collected from the Izhevski poultry farm, from the slaughterhouse
section located in Izhevskoye village in Kazakhstan, 70 km from the capital city, Nur-Sultan. Several
samples were taken from the poultry farm over a period of two years. Samples were collected from
the main sources of wastewater generation in the slaughterhouse, namely defeathering, evisceration,
and cooling. Most of the lab experiments were done on the same day of sample collection. Table 1 shows
the wastewater characteristics and the guidelines according to drinking water standards in Kazakhstan.

Table 1. Raw wastewater characterization. TSS: total suspended solids; COD: chemical oxygen demand.

Parameter Defeathering Evisceration Cooling Units Guidelines

pH 7.36 6.47 6.59 - 6.5–8.5
Turbidity 196 238 172 FAU 1 Clear

Color 2369 2019 1840 degree 500
TSS 337 374 266 mg/dm3 Clear

Free chlorine 0 0.24 0 mg/dm3 0.5–2.0
Total chlorine 0 0.536 0 mg/dm3 3.5

Nitrites 0.228 0.125 0.313 mg/dm3 3.0
Nitrates 25.8 84.4 49.3 mg/dm3 45

Phosphates and total phosphorous 4.84 4.99 5.23 mg/dm3 2
Ammonium 2.07 0.43 1.59 mg/dm3 3.5

COD 2009 1927 1646 mg/dm3 1000
Total coliform 1365 1122 936 CFU 1/100 mL None

1 FAU = Formazin Attenuation Units, CFU = Colony-forming unit.

2.2. Experimental Setup and Procedures

A reactor of 2145 cm3 (15 × 13 × 11 cm) made of polypropylene was used for the electrochemical
process. A combination of electrodes was placed and then supplied with direct current from a
power supply (Xinhua electrical weld company) in the range of 0–50 V for voltage and 0–10 A for
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current density. The following electrode combinations were studied: iron-iron (Fe-Fe), iron-graphite
(Fe-Gr), and aluminum-graphite (Al-Gr). Fe-Fe electrode dimensions were 13 × 13 × 0.05 cm. Fe-Gr
electrode, with Gr as the anode and Fe as the cathode, had dimensions of 10.8 × 11.8 × 0.7 cm and
13 × 12 × 0.05 cm, respectively. The Al-Gr electrode, with Al as the cathode and Gr as the anode,
had dimensions of 10.8 × 11.8 × 0.2 cm and 10.8 × 11.8 × 0.7 cm, respectively. For all configurations,
the electrodes were placed in parallel and had the same fixed distance of 2 cm between them. Figure 1
presents the general setup of the experiment.
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2.3. Analytical Methods

The collected wastewater samples were transported to the lab using 5 L plastic bottles, which
were well rinsed with deionized water before use. The chemical parameters were analyzed using the
combination of Spectrophotometer (Hach DR3900, HACH/LANGE, Germany) and Colorimeter (Hach
DR900) with standard reagents as well as the test kits. The Standard Operating Procedure for GLNPO
Turbidity (The U.S. Environmental Protection Agency Great Lakes National Program Office) was used
for the analysis of turbidity [38], and the American Public Health Association 4500-Nor was used for the
analysis of total phosphorous, while lab pH-meter (Hach Co.) was used for pH measurements. Color
measurement was achieved through absorbance by an Ultraviolet-Visible (UV-V) Spectrophotometer
(PE-5400UV). The TSS in the samples was determined using the Hach TSS portable hand-held turbidity
meter. COD was measured by a closed reflux reactor and direct reading spectrophotometer (DR3900
Hach). Free chlorine, total chlorine, nitrites, nitrates, phosphates, and ammonia were determined by
a Hach DR3900 spectrophotometer using standard reagents and test units. The membrane filtration
method was used for the microbiological analysis [39], where the water samples were passed through a
membrane filter with a pore size of 0.45 µm and incubated on an agar plate at 37 ◦C for 48 h. In general,
the analyses of the samples were accomplished following the recommendations in the APHA Standard
Methods for the Examination of Water and Wastewater [40].

2.4. Calculation of WQI

The weight arithmetic WQI method was used to classify the quality of the treated water with
respect to the degree of purity. Nine parameters were selected for the development of WQI, namely
nitrites, total coliforms, pH, COD, nitrates, phosphates, ammonia nitrogen, turbidity, and TSS. The first
step was to assign different weight (wi) to each of the case parameters on a scale of 0 to 1 (Table 2),
where 0 is for the lowest effect on water quality while 1 is for the highest effect. The weighting
process was based on the perceived effects of the water quality parameters on the intended use.
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The parameters weighting was done following the United States National Sanitation Foundation Water
Quality Index (NSFWQI) guidelines [41]. However, there were slight adjustments to the weighting
approach developed by NSFWQI, but the general idea remained the same.

Table 2. Weights (wi) of the parameters used in the study.

Parameter wi

Nitrate 0.12
Total coliforms 0.17

pH 0.11
COD 0.13

Nitrites 0.12
Phosphates 0.1

Ammonia nitrogen 0.1
Turbidity 0.07

TSS 0.08

Total 1.00

Then, the relative weight (Wi) was calculated from the following equation:

Wi =
wi∑n

i=1 wi
(1)

where Wi (with capital W) refers to relative weight, wi is the weight of individual parameters, and n
accounts for the number of parameters being studied. Then, the calculation of the relative weight (Wi)
followed by assigning the quality rating (qi) to each parameter, which was computed by dividing its
concentration with its corresponding minimum recommended concentration value provided by the
WHO (2008). The obtained value was then multiplied by 100, as shown in Equation (2):

qi =
Ci − Cid
Si −Cid

× 100 (2)

where qi is the quality rating, Ci is the concentration of individual parameters, and Cid is the ideal
value of the ith parameter in pure water. All ideal values (Cid) were taken as zero for drinking water,
except for pH [42]. For pH, the ideal value is 7 (for natural/pure water) and a permissible value is 8.5
(for polluted water), and Si is the recommended water standard (a case of drinking water) for each
parameter, as recommended by the WHO (2008).

To calculate the WQI, the SIi value was calculated as illustrated in Equation (3):

SIi = Wi × qi (3)

where SIi is referring to the subindex of an ith parameter and qi accounts for the quality rating based
on the concentration of the ith parameter.

Finally, the WQI was calculated by summing up all the subindices of each of the studied parameters
as follows:

WQI =
n∑

i=1

SIi (4)

The characterization of the calculated WQI was based on the status value categories [43,44],
as shown in Table 3.
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Table 3. Water quality index (WQI) with the corresponding water quality status.

WQI Value Water Quality Status

<50 Excellent water
50–100 Good water

100–200 Poor water
200–300 Very poor water

>300 Water unsuitable for drinking/irrigation

2.5. Cost Analysis

The estimation of the operational costs for the three studied electrode combinations was based on
the current unit prices in Kazakhstan. The electricity price was 0.05 US $/kWh, the Fe electrode material
price was 0.93 US $/kg, the Al electrode average price was 32.25 US $/kg, and that of Gr electrode
was 16.5 US $/kg. It should be also noted that Gr is a stable inert electrode, and the electrodes are not
consumed during the electrochemical process leading to a positive impact on the total operating cost
as no replacement is required.

Operating cost = X × Energyconsumpion + Y × Electrodeconsumption (5)

Equation (6) shows the estimation of energy consumption cost:

Energyconsumption =
(V × I × t)

v
(6)

where V is voltage, I is current (Ampere), t is EC time (seconds), and v is the volume of the treated
wastewater (m3).

Moreover, Faraday’s law of electrolysis was used for the estimation of the electrode material
consumption as illustrated in Equation (7):

Faraday
m3 = I×t

F×v
Electrodeconsumption = I×t×Mw

z×F×v
(7)

where Mw is the molar mass of electrode element (26.98 g/mol), F is Faraday’s constant (96,485 C/mol),
and z is the number of electron transfer.

3. Results and Discussion

3.1. Physicochemical Parameters

The analysis of physicochemical parameters was accomplished as illustrated in Tables 4–6.
The Fe-Fe electrode combination presented the lowest effluent quality from the defeathering section,
with the highest effluent quality observed from the Al-Gr electrode combination from the cooling section.

An interesting phenomenon was observed for the color, turbidity, COD, and TSS under the Fe-Fe
electrode combination, where their concentrations increased after 20 minutes of the electrolysis process
with wastewater from the defeathering source. During the electrochemical process, direct current
was applied, and electrode plates were then dissolved into solution. The scarification of the electrode
plates leads to an increased metal concentration in the solution which may in turn precipitate as
oxide precipitates [45]. The same phenomenon is described by [46], where the increase in turbidity
is due to the iron monomeric species formed during electrocoagulation, the ion Fe3+ facilitates a
yellow coloration and also exists in fine particles in the Fe(OH)3 species, which is also characterized
by its difficulty to dissolve. The observed increase in turbidity, COD, and TSS under Fe-Fe electrode
combination from defeathering wastewater can be linked to the -color formation [47]. According
to [48], unlike aluminum anodes, iron tends to dissolve as divalent or trivalent cations, followed by
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hydrolyzation which in turn forms insoluble iron compounds. The phenomenon perceived to be
facilitated by the pH of the solution and the cell potential. Even with the observed rapid increase in
COD when the wastewater samples were subjected to the Fe-Fe and Fe-Gr electrode combinations,
the electrodes combinations were able to produce some impressive results.

Table 4. Fe-Fe analysis results (number of samples = 12).

Indicator
Range (min-max) AM STD

D E C D E C D E C

pH 6.14–6.69 6.04–6.83 6.29–6.85 6.34 6.49 6.54 0.25 0.33 0.23
Turbidity 160–436 109–178 61.6–332 319 132.7 227 116 32.1 118

Color 2572–7365 1011–3437 1006–7260 5454 2176 4461 2074 993 2595
TSS 287–762 146–348 104–592 573 228 398 206 86.7 212

Free chlorine 0–0.41 0–3.58 0–0.60 0 1.50 0 1.50 1.60 1.56
Total chlorine 0.17–0.61 0–3.72 0–0.68 0.40 0.37 0 0.18 2.99 1.31

Nitrites 0–0.12 0–0.37 0.16–0.37 0.00 0.12 0.27 0.16 0.19 0.09
Nitrates 18.70–169.6 9.40–175.1 22.8–60.9 78 80 42.5 65.72 69.95 15.58

Phosphates 2.60–4.64 1.87–4.13 1.86–3.76 3.49 2.86 2.93 0.85 0.94 0.79
Ammonium 1.45–2.28 1.99–2.22 1.92–2.48 2 2.18 2.15 0.39 0.13 0.17

COD 1933–4605 618–2113 635–4106 3508 1387 2673 1142 611 1480

Min = minimum; AM = arithmetic mean (average); STD = standard deviation; D = defeathering; E = evisceration;
C = cooling; Turbidity in FAU, color in degree, all other parameters in mg/dm3.

Table 5. Fe-Gr analysis results (number of samples = 12).

Indicator Range (min-max) AM STD

D E C D E C D E C

pH 6.22–6.49 6.08–6.64 5.06–6.14 6.31 6.4 5.6 0.13 0.24 0.44
Turbidity 86–114 38.3–79.2 9.9–56.2 98 65 31 12 18.8 19.2

Color 1474–1911 614–981 27–909 1682 779 604 179 152 259
TSS 158–200 76–144 24–94 178 111 57.3 17.2 27.8 28.7

Free chlorine 0.02–0.54 0.02–0.52 0.09–0.13 0.21 0.26 0.10 0.22 0.20 0.02
Total chlorine 0.03–0.17 0–1.04 0-0.2 0.11 0.39 0.06 0.06 0.46 0.10

Nitrites 0.13–0.14 0.01–0.88 0.09–0.31 0.13 0.38 0.23 0.00 0.37 0.10
Nitrates 15.8–112 9.4–19.2 0.6–49.3 48.6 13.3 17.8 44.84 4.24 22.3

Phosphates 2.98–5.04 4.77–5.27 4.26–5.23 3.86 4.96 4.77 0.87 0.22 0.40
Ammonium 2.30–2.98 2.12–2.31 1.59–2.04 2.53 2.24 1.89 0.32 0.09 0.21

COD 1076–1309 473–826 179–1646 1205 625 751 96.75 148.2 640.8

Min = minimum; AM = arithmetic mean (average); STD = standard deviation; D = defeathering; E = evisceration;
C = cooling; Turbidity in FAU, color in degree, all other parameters in mg/dm3.

Table 6. Al-Gr analysis results (number of samples = 12).

Indicator
Range (min-max) AM STD

D E C D E C D E C

pH 3.53–6.91 3.33–6.43 4.15–6.49 5.45 4.77 5.54 1.06 1.12 0.79
Turbidity 0–171 0–16.1 0–4.44 40.82 3.83 0 63.32 8.67 3.23

Color 29–2297 28–406 10–239 698 191 88 821 148 76
TSS 3–298 1-37 0–15 79 15.2 7.2 108 15.3 5.40

Free chlorine 0–0.74 0.01–0.14 0.01–0.11 0.20 0.06 0.06 0.27 0.04 0.04
Total chlorine 0–4.32 0.02–1.90 0.01–3.43 1.36 0.83 1.22 1.46 0.73 1.50

Nitrites 0.01–0.17 0.01–0.16 0–0.09 0.06 0.04 0.02 0.05 0.05 0.03
Nitrates 0.30–91 0–1.90 0–3.90 20 0.45 1.03 32.2 0.99 1.33

Phosphates 0.28–4.78 0.00–2.90 0.08–1.64 2.42 0.95 0.57 1.78 1.04 0.52
Ammonium 1.84–2.19 0.38–2.31 0.04–2.31 2.09 1.77 0.81 0.12 0.64 1.06

COD 18.9–1974 16.6–283 0–177 544 119 62.4 717 109 58

Min = minimum; AM = arithmetic mean (average); STD = standard deviation; D = defeathering; E = evisceration;
C = cooling; Turbidity in FAU, color in degree, all other parameters in mg/dm3.
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The results revealed that there was a potential relationship between electrode combination,
source of wastewater, and performance of a wastewater treatment system, as shown in Tables 4–11.
Furthermore, the results showed that the use of electrochemical treatment technology can be an efficient
approach for poultry wastewater treatment (see Table 10) as they are also characterized by their high
portability where they can be effectively operated under limited space [49].

Table 7. Correlation of pH, turbidity, color, TSS, and COD under Fe-Fe electrolysis.

Parameter pH Turbidity Color TSS COD

pH 1
Turbidity 0.187413 1

Color 0.600939 0.897756 1
TSS 0.273338 0.996101 0.933115 1

COD 0.629622 0.881135 0.999338 0.919415 1

Table 8. Correlation of pH, turbidity, color, TSS, and COD under Fe-Gr electrolysis.

Parameter pH Turbidity Color TSS COD

pH 1
Turbidity 0.970269 1

Color 0.90563 0.981341 1
TSS 0.904194 0.980687 0.999994 1

COD 0.76009 0.894766 0.963928 0.96482 1

Table 9. Correlation of pH, turbidity, color, TSS, and COD under Al-Gr electrolysis.

pH Turbidity Color TSS COD

pH 1
Turbidity 0.492223 1

Color 0.58363 0.992765 1
TSS 0.506575 0.999622 0.994854 1

COD 0.531611 0.997955 0.997398 0.999289 1

Table 10. WQI for raw wastewater.

Source WQI Status

Defeathering 23,321.17 Water unsuitable for drinking/irrigation
Evisceration 19,219.10 Water unsuitable for drinking/irrigation

Cooling 16,024.00 Water unsuitable for drinking/irrigation

Table 11. WQI for the three electrode combinations after treatment.

Electrode Combination Source WQI Status

Fe-Fe
Defeathering 119.45 Poor water
Evisceration 58.64 Good water

Cooling 63.67 Good water

Fe-Gr
Defeathering 79.21 Good water
Evisceration 66.10 Good water

Cooling 43.33 Excellent

Al-Gr
Defeathering 33.63 Excellent
Evisceration 13.54 Excellent

Cooling 16.65 Excellent
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Correlation of pH, Turbidity, Color, TSS, and COD

The analyses of the results from the defeathering step subjected to Fe-Fe, Fe-Gr, and Al-Gr
electrolysis were used as case studies for assessing the correlation between pH, turbidity, color, TSS,
and COD. As seen in Tables 7–9, a correlation between turbidity and color was observed. Color and
turbidity are linearly correlated [50] as turbidity measurements may be affected by colored dissolved
organic matter [51] and the formed iron monomeric species. The high correlation between turbidity
and TSS is linked to the fact that TSS is among the primary factors affecting turbidity as turbidity is a
measure of how well light passes through the liquid, while TSS is a quantitative expression of particles
in suspension [52]. In general, from all the studied electrodes, it can be observed that changes in pH,
turbidity, color, and TSS showed moderate to strong correlation with the changes in COD [53].

3.2. Microbial Measurements

Figure 2 illustrates the microorganism population results for the electrochemical process with Fe-Fe
electrodes, showing that the microorganism colonies drastically decreased for all samples (defeathering,
cooling, and evisceration). For defeathering, the number of colonies reduced by an average of 98%,
cooling 100%, and 90% for evisceration at the end of the experiments. When Fe-Gr electrodes were
used, the microbiological results were impressive as the number of colonies decreased by 95%, 97%,
and 93% for defeathering, cooling, and evisceration wastewater samples, respectively, at the end of the
experiments, as shown in Figure 3. In addition, Figure 4 shows that when the wastewater samples were
subjected to the Al-Gr electrode combination, 100% microorganism colonies removal efficiency was
achieved for all samples at the end of the experiments. During the electrochemical disinfection process,
microorganisms are killed by a variety of oxidants that are produced during water electrolysis [54].
In the presence of oxygen, electrolysis is capable of generating a variety of oxidants, which includes
hydrogen peroxide and ozone, as well as free chlorine and chlorine dioxide, depending on the presence
of chloride ions in the solution. The generated oxidants are accountable for most of the lethality of
the applied direct current to the microorganisms [55]. Furthermore, another possible mechanism for
killing the microorganisms is that the microorganisms could come into contact with the anode surface
of the electrodes, be adsorbed by it, and killed electrically [56].
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3.3. WQI

Water quality indices from each of the electrode combinations were successfully developed.
The classification of the WQI was based on drinking-water quality standards as references. Computed
WQIs from raw wastewater were characterized by the “water unsuitable for drinking” status in all of
the three studied wastewater sources (Table 10). The highest number of WQI (which also means the
lowest quality) from raw wastewater was observed from the defeathering source. The highest water
quality was observed from the Al-Gr electrode combination, with the water quality indices ranging
from 18.13 to 33.63, which are below 50 and thus categorized as excellent water quality. The wastewater
from the defeathering treated under the Fe-Fe electrode combination presented the lowest quality,
with indices above 100 and within the range of 100 to 200, and was therefore categorized as poor
water quality. The wastewater from the cooling process treated using the Fe-Gr electrode combination
presented water of high quality with an excellent status, while those of defeathering and evisceration
were close to each other, falling with the class of 50 to 100 and marked with the status of good water.
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Turbidity, TSS, and COD were among the parameters that exhibited the highest influence on the level
of treatment performance of the electrode combinations in terms of WQI.

Table 11 shows the water quality indices of the samples collected from defeathering, evisceration,
and cooling processes and then purified using Fe-Fe, Fe-Gr, and Al-Gr electrodes with their
corresponding statuses. The Fe-Fe electrode combination showed higher treatment performance
for wastewater from the evisceration process, as defined from the WQIs compared to the wastewater
from the defeathering and cooling processes. From Table 5, it can be observed that the water quality
indices derived from the Fe-Gr purified samples from the defeathering, evisceration, and cooling
processes of the poultry slaughterhouse industry. The Fe-Gr water quality indices showed an
improved level of water quality in comparison to the Fe-Fe electrode combination. The Al-Gr electrode
combination presented the highest performance values with an excellent status for all three wastewater
sources. The Al-Gr showed high treatment performance from almost all of the tested water quality
parameters, including general, the Al-Gr electrode combination showed an impressive performance,
achieving 100% removal efficiency for microorganisms and some of the physical-chemical parameters
such as turbidity, followed by the Fe-Gr electrode combination. The degree at which the wastewater
from a slaughterhouse will be contaminated depends on many parameters, such as the type of
operations [57].

In general, from the WQIs, all three electrodes combination showed high performance on
wastewater from the evisceration process (see Figure 3 below), followed by the cooling process.
The high pollution strength from the defeathering process can be one of the influencing factors leading
to lower treatment performance compared to the wastewater from the other sources [58]. From Figure 5,
it can be observed that the highest performance in terms of WQI was from the combination of the
wastewater from the evisceration process and the Al-Gr electrode combination. Moreover, the lowest
performance was observed from the combination of the wastewater from the defeathering process and
the Fe-Fe electrode combination. The Fe-Gr electrode combination presented moderate performance
with the wastewater from the defeathering and evisceration and high performance for the wastewater
from the cooling process of the poultry slaughterhouse industry.
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To determine the general performance of each electrode combination for the poultry slaughterhouse
wastewater purification, the cumulative approach of the individual WQIs was applied (Table 12).
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The highest quality value of 63.83 was observed from the Al-Gr electrode combination, which showed
high efficiency in the COD, TSS, and turbidity removal from all of the three sources of wastewater.

Table 12. Cumulative WQIs.

Source
Electrode Indices

Fe-Fe Fe-Gr Al-Gr

Defeathering 119.45 79.21 33.63
Defeathering + Evisceration 178.09 145.31 47.18

Defeathering + Evisceration + Cooling 241.76 188.64 63.83

In general, after the purification process, the wastewater samples collected from the evisceration
process showed the best water quality results (see Figure 5), followed by the water from the cooling
process. This result shows that the level of pollution loading of the defeathering process was observed
to be higher than the other wastewater sources (Table 1).

3.4. Estimated Cost

Despite the initial cost of the Gr electrode being relatively higher compared to Fe and Al electrodes,
it was observed to form the best combination due to its stability and reusability [59]. The total
operating cost for Fe-Fe ranged from 1.55 US $/m3 to 3.51 US $/m3 of purified water, while that of
Fe-Gr ranged from 0.83 US $/m3 to 1.93 US $/m3 of purified water after 10 min of the treatment
process. After multiple experiments, the Al-Gr electrode combination was found to be the most
efficient not only in the treatment performance but also in the cost of operation. Al-Gr achieved high
purification efficiency after 40 min of the treatment process. The average cost after 40 min for Al-Gr
combination was estimated to be 2.3 US $/m3, 2.0 US $/m3, and 1.3 US $/m3 of purified water for
defeathering, evisceration, and cooling samples, respectively (Figure 6). In general, the wastewater
from the defeathering section was associated with the highest operating cost from both time and
electrode combination factors. The phenomenon, which may be linked to the relatively high pollution
strength of defeathering wastewater compared to the evisceration and cooling sections.
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4. Conclusions

The potential influence of electrode combination on the treatability of a poultry slaughterhouse
wastewater was studied. In this study, the efficiency of three different electrode combinations (Fe-Fe,
Fe-Gr, and Al-Gr) for electrochemical treatment technology was evaluated with drinking water quality
standards as references. The samples were analyzed before and after the purification to determine the
treatment efficiency of the investigated combinations of electrodes. Water quality classification for the
samples treated using Fe-Fe, Fe-Gr, and Al-Gr was successfully achieved using WQIs. From this study,
the Al-Gr electrode combination showed an impressive treatment performance, achieving an “excellent”
status for all of the three studied sources of wastewater. From the developed WQIs, this study was
able to reveal that the wastewater from the evisceration process in the poultry slaughterhouse had
higher quality after the purification process compared to that of defeathering and cooling processes.
To improve the performance of Fe-Fe electrodes and the defeathering process combination, it would be
ideal to integrate the combination with a post-treatment unit, especially for the removal of turbidity
and COD. In general, seven out of nine WQIs developed in this study indicated an impressive
performance of the electrochemical electrodes studied. In general, the use of WQI provides a relatively
easy-to-understand approach for presenting information related to water quality to experts and
non-experts. The findings of this study show how a change in electrode combination may influence
the treatment performance of an electrochemical plant. The results reveal further the possibility of
unexpected behavior when applying a certain type of electrode combination. From the developed
WQIs, it is also evident that depending on the sources of wastewater, the treatment efficiency of a
wastewater treatment system may be affected. Moreover, the Al-Gr electrode combination was also
found to be the most cost-effective option among the studied electrode combinations.
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