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Abstract: Poultry slaughterhouse wastewater is characterized by high pollution strength, making its
treatment before discharge or recycling of great importance. This study investigated the potential
influence of mixing ratios on the treatability of poultry slaughterhouse wastewater under three
different mixing ratios; 20:80, 50:50, and 80:20 of defeathering and cooling sources, respectively.
Wastewater samples were collected from the Izhevski production corporate (PC) poultry farm
located in the Akmola region, Kazakhstan. The lab-scale treatment plant, designed to simulate the
industrial-scale treatment plant of the poultry farm, consists of electrolysis, membrane filtration,
and ultraviolet disinfection as the main units. The general design purpose of the Izhevski PC treatment
plant is to treat about 1.25 m3/h (51.72%) of the total wastewater generated from the defeathering
and cooling sections of the slaughterhouse to a recyclable degree. Water quality indices (WQIs) were
developed for each of the studied mixing ratios. A comparative analysis was also done with drinking
water quality standards set by the World Health Organization (WHO), as well as the government
of Kazakhstan. From the analysis results, the defeathering raw wastewater was generally higher
in pollution strength than the cooling wastewater. It was also observed that the increase in the
ratio of defeathering wastewater reduced treatment efficiency for some physicochemical parameters
such as turbidity, total suspended solids (TSS), color, biochemical oxygen demand (BOD), as well as
chemical oxygen demand (COD). However, 100% removal efficiency was achieved for the microbial
parameters for all the three studied ratios. Based on the computed WQIs, the highest-quality effluent
was achieved from the 20:80 (defeathering:cooling) mixing ratio. However, with the fact that all the
three mixing ratios produced “excellent” status, the 80:20 (defeathering:cooling) mixing ratio stands
to be an ideal option. The selection of 80:20 mixing ratio has the potential to reduce the pollution
load in the wastewater discharged to the sewerage system, while achieving high-quality effluent for
recycling in the cooling processes of the slaughterhouse.
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1. Introduction

The poultry industry is one of the rapidly growing agricultural and industrial sectors producing
affordable food products in the world. The production processes are associated with a high usage of
water [1]. An average amount of 26.5 L of water per bird may be required from live birds processing
to meat [2]. Also, the processes generate wastewater containing high amounts of proteins, fats,
and carbohydrates from meat, blood, skin, as well as feathers [3]. Therefore, efficient treatment systems
are required to remove the majority of the soluble and particulate matter before either discharge or
recycling [4]. Usually, poultry slaughterhouse wastewater is handled by discharging it into water
bodies, municipal wastewater collection and treatment systems, as well as open environment such
as grassland. However, the pollutants in the poultry slaughterhouse wastewater pose a significant
threat to human health and the environment in general [5], making its treatment before discharge of
great importance.

There are many technologies used for poultry slaughterhouse wastewater treatment, which can
be categorized as physical [6], chemical [7–9], as well as biological processes [10,11].

However, each wastewater treatment technology has its strengths and weaknesses. Although
physical treatment processes such as membrane filtration can be highly efficient in the pollutant
removal but are pressure-demanding, the generated sludge has to be separately handled making the
processes relatively expensive and less feasible for large-scale treatments [12]. The biological treatment
systems offer natural treatment processes with high adaptability of microorganisms to a wide variety
of wastewater characteristics. Unfortunately, the biological treatment systems are characterized by
slow treatment processes, being space-demanding as well as generating high quantities of sludge [13].
While chemical wastewater treatment processes, such as electrochemical systems, are termed to be
robust, space-friendly, as well as flexible to fluctuating wastewater characteristics [14], the risk of
by-products formation is among the drawbacks associated with the chemical treatment systems [15].
Therefore, combining different treatment technologies is essential to overcome the weaknesses, which
in turn brings the importance of integrated wastewater treatment systems. Integrated technologies for
poultry wastewater treatment have also been increasingly gaining interest, for example: using a static
granular bed reactor (SGBR) coupled with ultrafiltration (UF) membrane system [16], the combination
of ultraviolet light, pulsed electric field and ozone [17], as well as aluminum salts and natural
polyelectrolytes [18], are among the integrated treatment technologies. However, despite their
applicability for poultry wastewater treatment, the potential response of these technologies to different
wastewater mixing ratios has not been comprehensively captured. For a wastewater recycling system
that intends to recover only a portion of the generated wastewater from identifiable and accessible
sources, it is necessary to understand the response of the treatment system to different mixing ratios
for optimization purposes. Therefore, understanding the response of an integrated treatment plant to
different mixing ratios of a poultry slaughterhouse wastewater is a key to a profound decision making.

Moreover, for achieving high-quality recyclable effluent, integration of electrochemical (EC)
methods, membrane filtration, as well as ultraviolet (UV) disinfection are some of the most promising
approaches. The EC methods play an important role as pre-treatment units before the membrane
filtration; while the membrane filtration unit removes the majority of the suspended and dissolved solids
including microorganisms [19]. The UV disinfection unit eliminates the remaining microorganisms as
part of the quality enhancement.

Electrolysis is an electrochemical (EC) process using electrical energy as the driving force for
chemical reactions to occur. Water is decomposed to hydrogen and oxygen by passing a current
through it in the presence of electrolytes [20]. During the EC process, oxidation occurs in the anode
making it electrochemically corroded, while passivation occurs in the cathode, where during the
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process, amorphous M(OH)3, also known as sweep flocs, are formed. The formed flocs are responsible
for the removal of colloidal particles through rapid adsorption of soluble organic compounds [21].
However, the application of the EC treatment methods can be highly affected by the types of electrodes
used [22]. This technology has also been reported in many studies in relation to poultry wastewater
treatment [23–25].

Membrane filtration is a treatment technology using a thin layer of semi-permeable material
that separates substances when a driving force is applied across the membrane. Membrane filtration
removes microorganisms, particulates, and natural organic materials; of which the filter pore size is
an important factor. In general, the membrane filtration technology includes microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) [26]. Value-added products like
crude proteins could be separated through ultrafiltration from poultry wastewater, subsequently
reducing the COD [2].

Ultraviolet disinfection, which is also known as ultraviolet germicidal radiation, is widely used for
disinfecting water to inactivate microorganisms by attacking their genetic core (DNA) and eliminating
their ability to reproduce [27]. UV radiation technology has been used to treat water since 1909 and
offers one of the safest and most effective disinfection approach for drinking water [28]. UV disinfection
has also shown to be useful for the elimination of pathogens in poultry wastewater [29].

Studies on the use of water recycling technologies are important as they are likely to facilitate
the industrial transformations towards achieving closed-cycle systems of process water. Wastewater
recycling has been known for many years [30], however it remains a challenge in many countries
including in the European countries where water is a scarce resource [31]. The lack of full knowledge
on the potential hazards associated with the use of the approach, challenges in the accurate quality
assessment and motoring in real-time, bad management of the social aspects related to the practice
e.g., acceptability, marketing, as well as disagreements among scientists on the acceptable level of the
standards to be applied, are among the factors challenging the implementation of wastewater recycling
practices. [32].

In Kazakhstan, several development strategies are currently being implemented, including the
increase of the economic affordability of water for agricultural products. These measures are under the
framework of the Agribusiness 2020 Program for the Development of the Agro-Industrial Complex
in the Republic of Kazakhstan for 2013–2020 [33]. There have been significant efforts to increase the
awareness of environmental protection in the country [34,35]. Also, having industrial technologies that
are friendly to the environment with a maximum reduction of harmful emissions to the environment
is prioritized. The most preferable approach is to achieve almost completely waste-free industrial
production systems.

In this study, an integrated wastewater treatment system for a poultry slaughterhouse wastewater
is investigated in terms of its response to different mixing ratios of defeathering and cooling sections of
a poultry slaughterhouse (defeathering:cooling; 20:80, 50:50, 80:20). The selected mixing ratios take
into account both low and higher proportions of the studied sources as well as the average conditions.
The lab-scale treatment plant installed in the Water and Environmental Management laboratory of the
L.N. Gumilyov Eurasian National University, was used to treat wastewater samples from the Izhevski
PC poultry farm in Kazakhstan. The general design purpose of the lab treatment plant is to simulate
the full-scale (industrial) treatment plant aimed at treating the poultry slaughterhouse wastewater
to a high-quality recyclable effluent, which in turn minimizes the dependency of portable water in
the production processes. The main sources of wastewater from the poultry farm are defeathering,
evisceration (removal of the birds’ internal organs), and cooling processes. However, the evisceration
process in the poultry farm uses a very small amount of water, which is highly concentrated with
suspended particles leading to a relatively high treatment cost. Therefore, defeathering and cooling
sections (accounting for more than 90% of the generated wastewater) were selected as sources of
wastewater to be recycled within the industry; while the evisceration wastewater is subjected to
microfiltration and then discharged to the village sewerage system. The defeathering and cooling
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sections generate a total of approximately 2.41 m3/h (44.8% defeathering and 55.2% cooling), on average.
Moreover, design capacity of the Izhevski PC poultry treatment plant is 1.25 m3/h, equivalent to 51.9%
of the total wastewater generated from the defeathering and cooling sections. While the remaining
amount of wastewater from defeathering and cooling sections is discharged to the sewerage system,
which is then treated within the activated sludge treatment plant of the Izhevsk village. As the
treated effluent from the Izhevski PC wastewater treatment plant is expected to be recycled for cooling
purposes, drinking water quality standards became the most desirable reference for the effluent quality
classification. Water quality indices (WQIs) were developed for each of the studied mixing ratios
as well as a comparative analysis with drinking water quality standards set by the government of
Kazakhstan and WHO was done.

2. Materials and Methods

2.1. Case Study, Study Design, and Analytical Methods

The water samples used in this study were collected from the Izhevski PC poultry slaughterhouse
located in Izhevsk village, Arshalinsky district, in Akmola region of the Republic of Kazakhstan,
about 70 km from the capital city Nur-Sultan; located at 51◦10′ North latitude and 71◦26′ East
longitude. Defeathering, evisceration, and cooling processes are the main sources of wastewater
in the slaughterhouse (Figure 1). Water samples were collected as grab samples and then stored at
4 ◦C. The collection of the samples was done using 5 L plastic bottles, which were thoroughly rinsed
with deionized water before use. For data quality control, replicate samples were also collected and
analyzed; the replicate samples were essential to establish the amount of data variability, which could
have been led by some part of the collection processes as well the analytical procedures. Each study
session used a total of 1 L as an influent to the treatment plant. A well-rinsed measuring cylinder was
used to measure the required quantity of wastewater as determined by the mixing ratios; where, the
20% ratio corresponded to 0.2 L, 50% to 0.5 L, as well as 80% to 0.8 L. The selection of the mixing ratios
intended to capture the influence of the mixing ratios under both low and high proportions from the
studied sources, including the average conditions. The study was conducted within the two years of
the project timeline.
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The measurements of COD, free chlorine, total chlorine, nitrites, nitrates, total phosphorous,
and ammonia before and after the treatment were achieved using the combination of Spectrophotometer
(Hach DR3900, HACH/LANGE, Germany), Colorimeter (Hach DR900), with standard reagents as
well as the test kits. The U.S. Environmental Protection Agency Great Lakes National Program Office
(GLNPO), Standard Operating Procedure for Turbidity was used for the analysis of turbidity [36];
as well as the American Public Health Association (APHA) 4500-Nor that was used for the analysis of
total phosphorous [37]. Moreover, the lab pH-meter (Hach Co) was used for pH measurements. Color
measurements were achieved using the UV-V Spectrophotometer (PE-5400UV) [38], as well as TSS was
measured using the Hach TSS portable hand-held turbidity meter, while the microbiological analysis
was achieved using the membrane filtration method [39]. In this method, the 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.
Bacterial cells trapped on the membrane filter grew into countable colonies, of which facilitated the
calculation of bacterial density. Generally, the analyses of the samples were accomplished following the
recommendations in the APHA, Standard Methods for the Examination of Water and Wastewater [40].
Generally, between the two studied sources of wastewater within the poultry farm, wastewater from
the defeathering section is characterized by higher pollution strength than the cooling section (Table 1).
The minimum and maximum recorded concentrations from defeathering wastewater are relatively
higher than those from the cooling section. Table 2 presents the studied microbial parameters in the
raw wastewater from the three studied mixing ratios.

Table 1. General physicochemical raw wastewater characteristics (number of samples = 12).

Indicator
Min Max AM Med SD

D C D C D C D C D C

pH 5.5 6.5 7.4 7.2 6.7 6.7 6.9 6.6 0.7 0.3
Turbidity 62.6 9.7 196.0 172.0 121.7 71.7 114.0 52.6 47.8 65.7

Color 865.0 193.0 2369.0 1840.0 1775.3 802.3 1933.5 588.0 564.1 668.8
TSS 113.0 25.0 337.0 266.0 216.5 119.5 208.0 93.5 79.7 97.6

Free chlorine 0 0.0 0.4 0.2 0.1 0.1 0.0 0.1 0.2 0.1
Total chlorine 0 0 0.6 0.3 0.1 0.1 0 0.1 0.3 0.2

Nitrites 0.0 0.1 0.3 0.6 0.2 0.3 0.2 0.2 0.1 0.2
Nitrate 10.0 2.0 67.8 49.3 29.5 17.7 20.1 9.8 22.9 18.6
Total

phosphorous 3.3 0.0 5.9 5.2 4.8 3.0 4.9 3.3 1.0 2.1

Ammonium 1.7 1.6 2.6 2.5 2.0 2.0 1.9 2.0 0.4 0.3
COD 651.0 155.0 2009.0 1646.0 1367.3 702.2 1404.5 503.5 484.6 600.1

Total iron 0.2 0.2 1.3 0.7 0.8 0.4 0.8 0.3 0.6 0.2
Aluminum 2.1 0.7 4.5 6.6 3.0 4.3 3.2 5.0 1.1 2.2

BOD 833.2 139.6 1557.0 1287.0 1236.8 820.9 1278.5 928.5 259.3 490.3
Manganese 0.1 0.2 0.5 0.3 0.3 0.2 0.2 0.2 0.1 0.1

Nickel 3.7 5.6 8.6 8.2 6.5 6.9 6.9 6.9 2.0 1.3
Chromium 0.6 1.3 2.2 2.2 1.2 1.7 1.0 1.7 0.6 0.4

D = defeathering; C = cooling; Min = minimum; max = maximum; AM = arithmetic mean; med = median;
SD = standard deviation. рНunitless, turbidity in nephelometric turbidity units (NTU), color in degree, all other
parameters in mg/dm3.

Table 2. Microbial raw wastewater characteristics (average).

Parameter (CFU/mL) D C

Total number of bacteria (TNB) 1.4 × 105 2.2 × 105

Total coliform bacteria (TCB) 3.5 × 104 2.6 × 104

Thermo-tolerant coliform bacteria
(TTCB) 7.1 × 104 6.6 × 104

Salmonella typhi 120 215
Enterococcus faecalis 2.8 × 104 5.3 × 104

Pseudomonas aeruginosa 3.2 × 107 7.4 × 107

D = defeathering; C = cooling.
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2.2. Treatment Plant Setup

The principal units of the integrated treatment plant are; electrolysis, membrane filtration, and
ultraviolet disinfection (Figure 2 and Table 3). Firstly, wastewater to the treatment plant is received
by a reservoir consisting of a macro-filter responsible for trapping feathers and organic components.
Thereafter, the wastewater is subjected to the EC process, which takes place within a reactor of
15 × 13 × 11 cm dimensions made of polypropylene material. Direct current is supplied to the
electrodes through a power supply with a range of 0–50 V (voltage) and 0–10 A (current density).
The purified water from the EC process enters a sedimentary cylinder where the particles in suspension
settle down and come to rest against the barrier. Moreover, a pump of 5.5 bar is then utilized to
transfer water from the sedimentary cylinder to the ultra-filter, which has a pore size of 0.02 µm,
enough to trap sediments not smaller than its pore size, including most bacteria and viruses. Next,
the ultra-filtered water flows to another small reservoir where it is pumped to the UV sterilizer to
eliminate the remaining microorganisms. The UV sterilizing unit has a quartz tube with a germicidal
lamp installed. The purpose of the quartz tube is to avoid direct contact of water and lamp, which in
turn facilitates easy replacement without any need for draining water from the UV container. The UV
water sterilization process is designed in such a way it can sustain pressure as the purification process
continues. The water circulates in the UV sterilizer for about 10 min before the treatment process ends.
Cleaning of the reservoirs and electrolyte cell is done manually.
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Table 3. Treatment plant specifications.

Performance Unit Value

Influent L/h 1
Effluent L/h 0.55

Total power supply kW 0.3–0.6

Feather catcher
Length mm 80
Width mm 60
Height mm 50

Fat catcher
Length mm 100
Width mm 40
Height mm 80

Electrolysis
Length mm 150
Width mm 130
Height mm 110

Cathode Material Titanium alloy BТ1
Anode Material Aluminum

Supply voltage V 12
Hydraulic retention time min 10

Membrane filtration
Nominal filtration fineness µm 0.02

Pump supply voltage V 24
Pump power kW 0.2–0.4

UV lamp for disinfection
Power W 30

Operating pressure bar 1.1
Supply voltage V 220

Hydraulic retention time min 5–20

2.3. Statistical Methods

The analysis results from raw wastewater and the purified water were used to compute treatment
efficiencies in percentage. The approach used for the treatment efficiency computation is illustrated in
Equation (1).

Te(%) =

(
Cb −Ca

Cb

)
× 100 (1)

where:
Te, treatment efficiency,
Cb, concentration before treatment,
Ca, concentration after treatment.
Percentage compliance computations were performed for some of the studied parameters as part of

the comparative analysis with drinking water quality guidelines set by the government of Kazakhstan
and WHO. Equation (2) gives a summary of the percent compliance computation approach used.

Cp(%) =

(
Si −Ci

Si

)
× 100 (2)

where:
Cp, percent compliance,
Si, recommended standard for ith parameter,
Ci, concentration of ith parameter.
Also, the weighted arithmetic water quality index method was used to present the analysis results

by aggregating information from several water quality parameters to get an overall picture of the water
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quality from the studied mixing ratios. The drinking water quality guidelines, set by the government
of Kazakhstan [41], were used for the computation of the quality rating scale. The procedures for WQIs
development are summarized in the five steps below, and also presented in Equations (3)–(6):

i. Assigning weights to each of the studied parameters (wi) (Table 4). This was the first step at
which different weights to each of the studied parameters were assigned on a scale of 0 to 6,
where 0 represents the lowest effect on water quality while 6 is for the highest perceived effect.
The weighting process is based on the perceived effects of the water quality parameters on
drinking water suitability and is validated by the water quality experts [42].

Table 4. Weight of the parameters with guidelines (Kazakhstan).

Parameter Weight Guideline

Turbidity 4 1.5 NTU
Color 4 20 degrees
TSS 4 500 mg/dm3

Free chlorine 5 0.3–0.5 mg/dm3

Total chlorine 5 0.8–1.2 mg/dm3

Nitrite 5 3.0 mg/dm3

Nitrate 5 45.0 mg/dm3

Total phosphorous 4 3.5 mg/dm3

Ammonium 4 0.5 mg/dm3

Total iron 4 0.3 mg/dm3

Aluminum 4 0.5 mg/dm3

COD 5 5 mg/dm3

BOD 5 3 mg/dm3

Total coliform (100 mL) 6 0 CFU/mL

Total 64

ii. Computation of relative weights (Wi)

Wi =
wi∑n

i=1 wi
(3)

iii. Calculation of a quality rating scale (qi)

qi =
Ci
Si
× 100 (4)

iv. Computation of sub-indices (SIi)
SIi = Wi × qi (5)

v. Summation of sub-indices

WQI =
n∑

i=1

Sub− indices (SIi) (6)

where:
wi is the weight of individual parameters,
Wi (with capital W) is referred to as relative weight,
n accounts for the number of parameters being studied,
qi is the quality rating,
Ci is the average concentration of individual parameters,
Si is the recommended water standard,
SIi is the sub-index of an ith parameter.
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The definition of the aggregated WQIs based on the five categories: <50 “excellent water”,
50–100 “good water”, 100–200 “poor water”, 200–300 “very poor water”, >300 “water unsuitable for
drinking” [43,44].

The statistical analysis of the results presented in this study was achieved using Microsoft
Excel 2019.

3. Results and Discussion

3.1. Physicochemical Parameters

The collected samples were successfully analyzed for physical, chemical, as well as biological water
quality parameters. Tables 5–7 present the lab analysis results in terms of minimum (min), maximum
(max), arithmetic mean (AM), median (med), as well as standard deviation (SD).

Table 5. Analysis results for 20:80 (defeathering:cooling) mixing ratio.

Parameter
Defeathering:Cooling (20:80)

Units
Min Max AM Med SD

pH 5.40 8.42 7.07 7.11 1.11
Turbidity 0.00 0.40 0.07 0.00 0.15 NTU

Color 0.00 38.60 12.27 7.00 12.70 degree
TSS 0.00 1.40 0.53 0.40 0.56 mg/dm3

Free chlorine 0.00 0.03 0.01 0.01 0.01 mg/dm3

Total chlorine 0.00 0.04 0.02 0.01 0.02 mg/dm3

Nitrites 0.00 0.05 0.02 0.01 0.02 mg/dm3

Nitrate 0.00 5.30 1.76 0.51 2.16 mg/dm3

Total phosphorous 0.00 0.19 0.06 0.02 0.07 mg/dm3

Ammonium 0.00 2.10 1.00 1.13 0.81 mg/dm3

COD 2.02 26.88 8.88 5.46 8.36 mg/dm3

Total iron 0.04 0.16 0.07 0.06 0.04 mg/dm3

Aluminum 0.01 0.04 0.02 0.02 0.01 mg/dm3

BOD 0.86 4.80 2.48 2.17 1.48 mg/dm3

Manganese 0.02 0.26 0.10 0.04 0.10 mg/dm3

Nickel 0.04 0.92 0.59 0.74 0.36 mg/dm3

Chromium 0.02 0.46 0.29 0.41 0.19 mg/dm3

Table 6. Analysis results for 50:50 (defeathering:cooling) mixing ratio.

Indicator
Defeathering:Cooling (50:50)

Units
Min Max AM Med SD

pH 5.40 8.04 6.94 7.33 1.11
Turbidity 0.00 1.01 0.27 0.00 0.40 NTU

Color 10.00 41.00 26.50 27.50 10.72 degree
TSS 0.00 4.20 1.87 2.00 1.30 mg/dm3

Free chlorine 0.00 0.01 0.01 0.01 0.01 mg/dm3

Total chlorine 0.00 0.03 0.01 0.01 0.01 mg/dm3

Nitrites 0.00 0.13 0.03 0.01 0.05 mg/dm3

Nitrate 0.01 0.40 0.18 0.16 0.16 mg/dm3

Total phosphorous 0.01 4.60 0.79 0.03 1.71 mg/dm3

Ammonium 0.00 1.37 0.31 0.06 0.48 mg/dm3

COD 7.46 39.60 15.73 8.94 11.67 mg/dm3

Total iron 0.01 0.05 0.03 0.04 0.01 mg/dm3

Aluminum 0.01 0.04 0.03 0.03 0.01 mg/dm3

BOD 4.42 9.06 6.55 5.76 1.77 mg/dm3

Manganese 0.02 0.49 0.19 0.15 0.17 mg/dm3

Nickel 0.01 2.48 0.51 0.13 0.89 mg/dm3

Chromium 0.04 0.26 0.19 0.24 0.09 mg/dm3
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Table 7. Analysis results for 80:20 (defeathering:cooling) mixing ratio.

Indicator
Defeathering:Cooling (80:20)

Units
Min Max AM Med SD

pH 5.65 8.04 6.65 6.55 0.75
Turbidity 0.00 1.61 0.44 0.00 0.65 NTU

Color 12.00 43.40 27.90 28.00 10.75 degree
TSS 2.60 5.00 3.57 3.50 0.84 mg/dm3

Free chlorine 0.00 0.02 0.01 0.01 0.01 mg/dm3

Total chlorine 0.00 0.03 0.01 0.01 0.01 mg/dm3

Nitrites 0.00 0.07 0.03 0.02 0.02 mg/dm3

Nitrate 0.01 6.90 1.84 0.16 2.64 mg/dm3

Total phosphorous 0.01 4.20 0.78 0.12 1.53 mg/dm3

Ammonium 0.16 2.80 1.82 2.12 0.87 mg/dm3

COD 21.20 52.32 32.85 29.80 11.18 mg/dm3

Total iron 0.02 0.04 0.03 0.02 0.01 mg/dm3

Aluminum 0.02 0.05 0.03 0.02 0.01 mg/dm3

BOD 8.08 13.00 10.39 10.21 1.79 mg/dm3

Manganese 0.02 0.42 0.13 0.04 0.15 mg/dm3

Nickel 0.01 2.04 0.43 0.13 0.73 mg/dm3

Chromium 0.01 0.40 0.23 0.24 0.14 mg/dm3

3.1.1. Turbidity, TSS, Color, BOD, and COD

The integrated treatment plant achieved a minimum value of 0 NTU of turbidity from all three
mixing ratios, which is 100% removal efficiency, with the maximum recorded value being 1.61 NTU
from 80:20 (defeathering:cooling) mixing ratio. The minimum, average, and maximum values of
turbidity in the wastewater are observed to be increasing with the increase in the ratio of defeathering
wastewater; a fact that can also be observed in the turbidity boxplot in Figure 3. The raw wastewater
from the defeathering process is characterized by a relatively high pollution strength in terms of
turbidity compared to the wastewater from the cooling process (see Table 1). The high pollution
strength from the defeathering process is due to the fact that the process results in high organic load [45],
affecting the level of turbidity in the wastewater.
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Minimum concentration value of 0 mg/dm3 (100% removal efficiency) of TSS was achieved
from the 20:80 and 50:50 (defeathering:cooling) mixing ratios, with 2.60 mg/dm3 being the minimum
recorded concentration value from the 80:20 (defeathering:cooling) mixing ratio. The highest maximum
TSS concentration value of 5 mg/dm3 was also recorded from the 80:20 (defeathering:cooling) mixing
ratio. Despite the high TSS removal efficiency, the concentration levels of TSS in the treated effluent
were also observed to be increasing with the increase in the ratio of defeathering wastewater. From the
treated effluent, the average concentration of TSS from 20:80 (defeathering:cooling) mixing ratio was
approximately 8.9% of the total average TSS concentrations from the three mixing ratios; as well as
31.3% from 50:50, and 59.8% from 20:80. A high concentration of TSS makes water not aesthetically
appealing for use especially for drinking purposes [46].

Noticeable color in drinking water is objectionable; from the analysis results, 0 degree of color
was recorded as a minimum value achieving 100% removal efficiency when the treatment plant was
subjected to the 20:80 (defeathering:cooling) mixing ratio with 38.60 degrees being the maximum
value for the same ratio. For the 50:50 (defeathering:cooling) mixing ratio, 10 degrees of color was
the minimum recorded value, with 41.00 being the maximum recorded value. While, for the 80:20
(defeathering:cooling) mixing ratio, 12.00 degrees was recorded as the minimum value with 43.40
degrees being the maximum value. Color in water can be caused by dissolved and suspended
materials [47]. Also, as in turbidity and TSS, the degree of color in the treated effluent was observed to
be increasing with the increase in the ratio of defeathering wastewater (Tables 5–7).

The minimum initial concentration of BOD was 833.2 mg/dm3 from the raw defeathering
wastewater, while 139.6 mg/dm3 was the minimum initial concentration value from the raw cooling
wastewater. From the treated effluent, the lowest minimum concentration value of 0.86 mg/dm3 was
recorded from the 20:80 (defeathering:cooling) mixing ratio, with the highest concentration value of
13 mg/dm3 observed from the 80:20 (defeathering:cooling) mixing ratio. The results show a similar
phenomenon as in turbidity, TSS, and color. From the treated effluent, the BOD average concentration
from 20:80 (defeathering:cooling) mixing ratio was approximately 12.8% of the total average BOD
concentrations from the three mixing ratios; as well as 33.7% from 50:50, and 53.5% from 20:80.

The minimum recorded concentration of COD from the defeathering wastewater before treatment
was 651.0 mg/dm3 while that of cooling was 155.0 mg/dm3. The maximum recorded concentration of
COD from the defeathering wastewater before treatment was 2009.0 mg/dm3 while that of the cooling
section being 1646.0 mg/dm3, with 1367.3 mg/dm3 and 702.2 mg/dm3 being the average concentrations
for defeathering and cooling wastewater, respectively. After treatment, the lowest minimum
concentration value of 2.02 mg/dm3 was achieved from the 20:80 (defeathering:cooling) mixing
ratio while the highest maximum concentration was recorded from the 80:20 (defeathering:cooling)
mixing ratio with 52.32 mg/dm3. Referring to the analysis results of treated effluent; the average
concentration of COD from 20:80 (defeathering:cooling) mixing ratio was approximately 15.4% of the
total average COD concentrations from the three mixing ratios; as well as 27.4% from 50:50, and 57.2%
from 20:80. From the boxplot in Figure 6, it can be observed that the proportional increase in the
defeathering wastewater also affected the COD removal performance; which can be linked to the high
pollution strength from the defeathering wastewater.

Moreover, from the results, a similar trend (increase with the increase in the defeathering ratio) can
be observed among turbidity, TSS, color, BOD, and COD (Figures 3–6). Some studies have indicated
the potential existence of a strong linear relationship between turbidity and TSS in water [48], as well
as the potential influence of turbidity and TSS on color, BOD, and COD [49].

3.1.2. Nitrate, Nitrite, Total Phosphorous, and Ammonium

Nitrate and nitrite did not appear to be perfectly following the trend observed from turbidity,
TSS, color, BOD, and COD when the wastewater samples were subjected to different mixing ratios.
The initial (before treatment) maximum nitrate concentration value of 67.8 mg/dm3 was observed
from the defeathering wastewater, with 49.3 mg/dm3 being the maximum from the cooling section.
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From the 20:80 (defeathering:cooling) mixing ratio, 0 mg/dm3 of nitrate was recorded as the minimum
concentration in the treated effluent, which is 100% removal efficiency with 5.30 mg/dm3 being the
maximum concentration value. From the 50:50 (defeathering:cooling) mixing ratio, a minimum
concentration value of 0.01 mg/dm3 of nitrate was achieved from the treated effluent with 0.4 mg/dm3

being the maximum. Also, as in the 50:50 (defeathering:cooling) mixing ratio, 0.01 mg/dm3 of
nitrate was recorded as the minimum concentration value from the treated effluent from 80:20
(defeathering:cooling) mixing ratio, with 6.9 mg/dm3 being the maximum concentration. However,
all the maximum nitrate concentration values were within the guidelines set by the WHO. In higher
concentrations, nitrate may lead to a Methemoglobinemia disease, which is also known as a blue baby
syndrome, generally affecting bottle-fed infants [50].Sustainability 2020, 12, x FOR PEER REVIEW 12 of 22 

 

Figure 4. TSS boxplot. 

 
Figure 5. BOD boxplot. 

0

1

2

3

4

5

6

D:C (20:80) D:C (50:50) D:C (80:20)

C
on

ce
nt

ra
tio

n 
(m

g/
dm

3 )

Axis TitleMax Outlier

0

2

4

6

8

10

12

14

D:C (20:80) D:C (50:50) D:C (80:20)

C
on

ce
nt

ra
tio

n 
(m

g/
dm

3 )

BOD

Figure 4. TSS boxplot.

Sustainability 2020, 12, x FOR PEER REVIEW 12 of 22 

 

Figure 4. TSS boxplot. 

 
Figure 5. BOD boxplot. 

0

1

2

3

4

5

6

D:C (20:80) D:C (50:50) D:C (80:20)

C
on

ce
nt

ra
tio

n 
(m

g/
dm

3 )

Axis TitleMax Outlier

0

2

4

6

8

10

12

14

D:C (20:80) D:C (50:50) D:C (80:20)

C
on

ce
nt

ra
tio

n 
(m

g/
dm

3 )

BOD

Figure 5. BOD boxplot.

The minimum concentration value of 0 mg/dm3 of nitrites (100% removal efficiency) was achieved
from all the three mixing ratios. Meanwhile, 0.05 mg/dm3 being the maximum recorded concentration
value from 20:80 (defeathering:cooling) mixing ratio, 0.13 mg/dm3 from 50:50, as well as 0.07 mg/dm3

from 80:20, which were also within the recommended standards set by the government of Kazakhstan.
However, low concentrations of nitrites were also observed from the defeathering and cooling raw
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wastewater. This fact is probably due to the nature of its occurrence, where nitrite anions (NO2
−) occur

as metastable intermediates in the oxidation process resulting from nitric oxide (NO) radicals to the
stable metabolite nitrate (NO3

−) [51].Sustainability 2020, 12, x FOR PEER REVIEW 13 of 22 
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On average, the concentration of total phosphorous in the defeathering raw wastewater was
37.5% higher than that of cooling raw wastewater. The phenomenon is also reflected in the treated
effluent under different mixing ratios. From the 20:80 (defeathering:cooling) mixing ratio, an average
of 0.06 mg/dm3 was achieved. However, when the defeathering wastewater ratio was increased to
50%, an average concentration of 0.79 mg/dm3 was achieved, which is an increase of about 92.4%
from the 20% ratio. As for nitrate and nitrite, total phosphorous concentrations in the treated effluent
were also observed to be highly fluctuating with no complete specific pattern. In the 80% ratio of the
defeathering wastewater, an average concentration of 0.78 mg/dm3 of total phosphorous was achieved,
which is approximately 92.3% increase from the 20% ratio of defeathering wastewater as well as 0.1%
decrease from the 50% ratio of defeathering wastewater.

Despite the differences in minimum and maximum recorded concentrations of ammonium in the
defeathering and cooling raw wastewater, their average concentrations were approximately equal,
of which meat and blood are among the sources of ammonium in the wastewater. However, ammonium
is among the parameters that the treatment plant faced a significant challenge in their removal, especially
when the ratio of defeathering wastewater increased. From the 80:20 (defeathering:cooling) ratio,
an average concentration of 1.82 mg/dm3 was achieved, which is still 3.64 times higher than the
recommended guideline according to the Kazakhstan drinking water quality standards. In this study,
the membrane filtration treatment process was the main unit that can be associated with difficulty
in the removal of ammonium; similar challenges of ammonium removal using membrane filtration
processes have been observed in some other studies [52]. Although there is no evidence that ammonia
is carcinogenic, ammonia has a toxic effect on healthy humans only if the intake becomes higher than
the capacity to detoxify [53].

3.1.3. Free and Total Chlorine

Low concentrations of free and total chlorine were observed in the raw wastewater. The phenomenon
can be highly linked to the fact that the poultry farm is working hard to achieve a chlorine-free
production process. In the treated effluent, 0 mg/dm3 was achieved for both free and total chlorine from
all the three mixing ratios, while the maximum recorded concentrations for both parameters ranged
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from 0.01 mg/dm3 to 0.04 mg/dm3. A 98% compliance was achieved from the free chlorine average
concentrations according to the Kazakhstan standards, and 99.33% according to the WHO standards.
In general, free and total chlorines were not observed to have a specific response to the mixing ratios.
The unpredictable behavior of chlorine from the mixing ratios may have been contributed by the fact
that chlorine is an extremely reactive element, and it combines with all elements except the noble
gases [54].

3.1.4. Potentially Toxic Elements (PTEs)

PTEs include trace element and heavy metals that are naturally present in the environment;
however, anthropogenic activities such as industrial food productions have been leading to their
increase in concentration [55]. In this study, manganese, nickel, chromium, and total iron were studied.

The maximum initial (before treatment) manganese concentration value of 0.5 mg/dm3 was
observed from the defeathering wastewater, while 0.3 mg/dm3 being the maximum from the cooling
section. However, the maximum concentration of manganese from the defeathering wastewater is
above the 0.05 mg/dm3 limit set by the WHO for drinking water standards. The average concentration
of manganese in the defeathering wastewater is 6 times higher than the WHO guideline, as well as
4 times higher in the cooling wastewater. After the treatment, a minimum concentration of 0.02 mg/dm3

was achieved for all the three mixing ratios. The highest maximum value of 0.49 mg/dm3 was obtained
from the 50:50 mixing ratio. Still, the average manganese concentration in the treated effluent is 2 times
higher than the WHO guideline from 20:80 (defeathering:cooling) ratio, as well as 3.8 and 2.6 from
50:50 and 80:20, respectively. Manganese toxicity upon overexposure to humans can lead to diverse
effects including permanent neurological disorder (manganism) associated with several symptoms
such as tremors, difficulty walking, as well as facial muscle spasms [56].

The average chromium concentration in defeathering wastewater was 1.2 mg/dm3, while in cooling
wastewater was 1.7 mg/dm3. After treatment, average chromium concentrations of 0.29 mg/dm3,
0.19 mg/dm3 and 0.23 mg/dm3 were achieved from 20:80, 50:50, and 80:20 (defeathering:cooling) mixing
ratios, respectively. On average, more than 90% removal efficiency was achieved from all the three
mixing ratios. However, the remaining concentrations in the treated were not sufficient enough to
comply with the guidelines set by the government of Kazakhstan and WHO. Moreover, drinking water
supplies in many parts of the world contain chromium in the oxidation states of +3 and +6. However,
the biggest concerns for public health are focused on the presence of hexavalent Cr. The hexavalent
Cr is classified as a known human carcinogen through inhalation. Sources of Cr (VI) can range from
anthropogenic to natural sources and characterized by high environmental mobility [57].

Iron also makes in the list of PTEs, which is mainly present in water in either soluble ferrous iron
or the insoluble ferric iron. From the treated effluent, the minimum total iron concentration values
ranged from 0.01 mg/dm3 to 0.04 mg/dm3, while the maximum values ranged from 0.04 mg/dm3

to 0.16 mg/dm3. Average concentrations ranged from 0.03 mg/dm3 to 0.07 mg/dm3. On average,
more than 94% removal efficiency was achieved for total iron from all the three mixing ratios. Also,
the average concentrations of total iron in the treated effluent were observed to be complying with the
guidelines set by the government of Kazakhstan and WHO. Normally, water that contains ferrous
iron is observed to be clear and colorless since iron is completely dissolved. According to the WHO,
iron concentrations of 1 to 3 mg/dm3 can be acceptable for people drinking anaerobic well-water.
However, no health-based guideline value for iron is proposed [58].

Nickel is another element in the PTEs group in this study, which is a metal of widespread distribution
in the environment [59]. According to the average concentrations, very little difference in terms of
concentration was observed between wastewater from defeathering and the one from the cooling
process; where a similar phenomenon was also reflected in the mixing ratios. An average concentration
of 0.43 mg/dm3 of nickel was achieved from the 80:20 purified water, which is also the lowest average
concentration value among the three mixing ratios. Although more than 95% removal efficiency was
achieved from all the three mixing ratios, on average, the average concentrations of nickel in the
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treated effluent were not sufficient enough in terms of compliance with both the Kazakhstan and
WHO guidelines.

Some reports have shown that short-term exposures to high aluminum levels in drinking
water results in clinical diagnoses of dementia [60]. The average concentration of aluminum in the
defeathering wastewater was 3.0 mg/dm3, while that cooling wastewater was 4.3 mg/dm3. However,
the recommended guideline for aluminum in drinking water according to Kazakhstan is 0.5 mg/dm3.
This means, on average, the defeathering process generates wastewater with aluminum concentration
6 times higher than the recommended guideline, as well as 8.6 times higher from the cooling processes.
After the treatment, high removal efficiency was observed, with average concentrations ranging from
0.02 to 0.03 mg/dm3 of aluminum. The achieved removal efficiency is equivalent to drinking water
quality compliance ranging 94–96% according to the guidelines set by the government of Kazakhstan.

In general, the PTEs did not show significant variations in terms of concentration between
the samples collected from defeathering and cooling processes. The phenomenon also affected the
sensitivity of the mixing ratios as reflected in the analysis results of the treated effluent. Except for total
iron and aluminum, there was a little challenge in the removal of manganese, nickel, and chromium to
the required level as recommended by the government of Kazakhstan and WHO. However, it should
also be noted that an operating scale may have a significant influence on the general performance of a
treatment system [61].

3.2. Physicochemical Parameters Compliance with Drinking Water Standards

The compliance of the physicochemical parameters to the guidelines set by the government of
Kazakhstan and WHO for drinking water suitability was computed and the results are summarized
in Table 8 as well as in Figures 4 and 5. The highest percent compliance of 99.89% is observed
from TSS under 20:80 mixing ratio referring to the guidelines set by the government of Kazakhstan,
while the lowest compliance value being −1840% from chromium under 50:50 mixing ratios with
0.05 mg/dm3 being the guideline as recommended by the WHO. The percent compliance of turbidity,
color, and TSS can be observed to be decreasing with the increase in the ratio of defeathering wastewater.
From Figure 7, it can be observed that most of the minimum recorded concentration values are within
the positive region. Also, Figure 8 shows that some of the recorded maximum values are within the
positive region, with an interpretation of being within the recommended guidelines. The negative
values in the percent compliance indicate that the concentration values of the parameters exceeded the
recommended limit.

Table 8. Percent compliance with WHO standards (average concentrations).

Parameter
Guideline

Percent Compliance (%)

D:C (20:80) D:C (50:50) D:C (80:20)

KZ WHO KZ WHO KZ WHO KZ WHO

Turbidity 1.50 5.00 95.33 98.60 82.00 94.60 70.67 91.20
Color 20.00 5.00 38.65 −145.40 −32.50 −430.00 −39.50 −458.00
TSS 500.00 - 99.89 - 99.63 - 99.29 -

Free chlorine 0.50 1.50 98.00 99.33 98.00 99.33 98.00 99.33
Total chlorine 1.20 - 98.33 - 99.17 - 99.17 -

Nitrite 3.00 3.00 99.33 99.33 99.00 99.00 99.00 99.00
Nitrate 45.00 50.00 96.09 96.48 99.60 99.64 95.91 96.32

Total phosphorous 3.50 - 98.29 - 77.43 - 77.71 -
Ammonium 0.50 - −100.00 - 38.00 - −264.00 -

Total iron 0.30 0.10 76.67 30.00 90.00 70.00 90.00 70.00
Aluminum 0.50 0.10 96.00 80.00 94.00 70.00 94.00 70.00
Manganese 0.10 0.05 0.00 −100.00 −90.00 −280.00 −30.00 −160.00

Nickel 0.10 0.07 −490.00 −1485.71 −410.00 −628.57 −330.00 −1771.43
Chromium 0.10 0.05 −190.00 −480.00 −90.00 −1840.00 −130.00 −520.00

KZ = drinking water quality guidelines set by the government of Kazakhstan; D = defeathering; C = cooling;
turbidity in NTU, color in degree, all other parameters in mg/dm3.
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3.3. WQI

WQIs from each of the studied mixing ratios were successfully developed based on drinking
water quality standards (Tables 9–11). The 20:80 (defeathering:cooling) mixing ratio presented the
highest water quality with 26 as an aggregated WQI value (see Table 8). From the 50:50 mixing ratio,



Sustainability 2020, 12, 6097 17 of 21

WQI of 27.88 was achieved (see Table 9), while 43.09 was achieved from 80:20 (defeathering:cooling)
mixing ratio (see Table 10). Being below 50, the WQIs from all the three mixing ratios fall under
the “excellent” water quality status. Despite the total coliform having the highest weight in the list,
it had 0 SIi for all the three mixing ratios, and an average of 100% removal efficiency was achieved
from the treated effluent. From Table 9 to Table 11, it can be observed that 57.9% of the general WQI
from 20:80 (defeathering:cooling) mixing ratio was contributed by ammonium. High ammonium
contributions are also observed from 50:50 and 80:20 (defeathering:cooling) mixing ratios, respectively.
The phenomenon is highly linked to the fact that ammonium had the lowest percent compliance among
the parameters included in the WQIs development.

Table 9. Water quality indices (WQIs) results for 20:80 (defeathering:cooling) mixing ratio.

Parameter Wi qi SIi

Turbidity 0.06 0.17 0.01
Color 0.06 61.33 3.83
TSS 0.06 1.33 0.08

Free chlorine 0.08 2.00 0.16
Total chlorine 0.08 2.00 0.16

Nitrite 0.08 0.63 0.05
Nitrate 0.08 3.90 0.30

Total phosphorous 0.06 1.45 0.09
Ammonium 0.06 240.72 15.05

Total iron 0.06 53.33 3.33
Aluminum 0.06 18.59 1.16

COD 0.08 17.76 1.39
BOD 0.08 4.97 0.39

Total coliform (100 mL) 0.09 0.00 0.00

Total 1.00 26.00

Table 10. WQI results for 50:50 (defeathering:cooling) mixing ratio.

Parameter Wi qi SIi

Turbidity 0.06 9.27 0.58
Color 0.06 53.25 3.33
TSS 0.06 19.35 1.21

Free chlorine 0.08 24.33 1.90
Total chlorine 0.08 159.11 12.43

Nitrite 0.08 2.15 0.17
Nitrate 0.08 7.14 0.56

Total phosphorous 0.06 34.29 2.14
Ammonium 0.06 160.00 10.00

Total iron 0.06 13.24 0.83
Aluminum 0.06 150.00 9.38

COD 0.08 6.40 0.50
BOD 0.08 2.40 0.19

Total coliform (100 mL) 0.09 0.00 0.00

Total 1.00 27.88

3.4. Microbial Parameters

In this study, the total number of bacteria (TNB), total coliform bacteria (TCB), thermo-tolerant
coliform bacteria (TТCB), Pseudomonas aeruginosa, as well as pathogenic flora, including Salmonella
and Enterococcus faecalis indicators were studied. Unlike the physicochemical parameters,
the treatment plant achieved an average of 100% microbial removal efficiency from all the three
mixing ratios. Several factors may have influenced the impressive performance of the treatment plant
in terms of microbial removal, including the fact that each of the sub-units within the integrated
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treatment plant can eliminate some microbes in the wastewater. During the electrolysis process,
microbes are killed by a variety of oxidants that are produced within the process [62]. Depending on
the filter pore size, some microorganisms are also retained from the membrane filtration process [63],
as well as the UV disinfection unit, which is mainly for the microbes elimination. From the results, it is
further revealed that the treatment approach is highly efficient for microbial elimination in the poultry
slaughterhouse wastewater.

Table 11. WQI results 80:20 (defeathering:cooling) mixing ratio.

Parameter Wi qi SIi

Turbidity 0.06 28.47 1.78
Color 0.06 84.83 5.30
TSS 0.06 31.91 1.99

Free chlorine 0.08 31.53 2.46
Total chlorine 0.08 100.00 7.81

Nitrite 0.08 1.33 0.10
Nitrate 0.08 4.09 0.32

Total phosphorous 0.06 71.43 4.46
Ammonium 0.06 320.00 20.00

Total iron 0.06 25.38 1.59
Aluminum 0.06 18.59 1.16

COD 0.08 6.01 0.47
BOD 0.08 13.21 1.03

Total coliform (100 mL) 0.09 0.00 0.00

Total 1.00 43.09

4. Conclusions

The potential influence of mixing ratios on the performance of an integrated treatment system
subjected to a poultry slaughterhouse wastewater under three different mixing ratios; 20:80, 50:50,
and 80:20 (defeathering:cooling) for a high-quality recyclable wastewater effluent has been studied.
The wastewater samples collected from the defeathering and cooling sections of the Izhevski PC
poultry farm in Kazakhstan were treated using the lab-scale treatment plant. The traditional and
WQI-based techniques were used to evaluate the quality of treated effluent. From the analysis
results, it was observed that the mixing ratios affected the performance of the treatment plant for
some physicochemical parameters. Quality of the treated effluent decreased with the increase in
defeathering wastewater ratio; mainly for parameters such as turbidity, TSS, color, BOD, as well as
COD. The phenomenon was also reflected in the percent compliance under the guidelines set by the
government of Kazakhstan, and WHO. However, 100% removal efficiency was achieved from all the
studied microbiological parameters under the three mixing ratios. In the group of PTEs, little differences
in terms of concentrations were observed between the defeathering and cooling raw wastewater, which
in turn affected the sensitivity of the mixing ratios in the treated effluent for the particular parameters.
Moreover, despite the quality deterioration when the ratio of the defeathering wastewater increased,
the integrated treatment plant was able to produce impressive results as characterized by the computed
WQIs. Generally, the highest quality effluent was achieved from the 20:80 (defeathering:cooling)
mixing ratio. However, with the fact that all the three mixing ratios produced “excellent” status based
on the WQIs, the 80:20 (defeathering:cooling) mixing ratio stands to be an ideal option. The selection
of 80:20 mixing ratio has the potential to reduce the pollution load in the wastewater discharged to
the sewerage system, while achieving high-quality effluent for recycling in the cooling processes of
the slaughterhouse.
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