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ARTICLE INFO ABSTRACT
Keywords: The main purpose of wastewater treatment plant (WWTP) is to reduce organic and inorganic
dry season pollutants to meet standards. But WWTPs employing up flow anaerobic sludge blanket (UASB)

Performance enhancement
Optimization

Psychrophilic temperature

Up flow sludge blanket reactor

reactors under psychrophilic temperature are currently removing about 55% chemical oxygen
demand (COD) and 70% total dissolved solids (TSS). The research was done to increase the
treatment efficiencies of UASB reactor working under psychrophilic conditions through optimi-
zation of operational parameters like temperature, organic loading rate (OLR), pH and hydraulic
retention time (HRT). Experimentation was carried out in a 0.0486 m> square-shaped pilot-scale
UASB reactor. Experimental design response surface method (RSM) for performance enhance-
ment and optimization of UASB reactor operational parameters through five levels of central
composite design (CCD) was used. The optimized operational parameters obtained from CCD-
RSM were as follows: temperature of 21.58 °C, OLR of 2.99 kg COD/m3.d, HRT of 4.37hrs and
pH of 6.3. Using optimized parameters, tests yielded efficiencies of 92.70%, 99.06%, and 94.50%
for COD, TSS, and volatile suspended solid (VSS) respectively. The outlet concentrations of
alkalinity, and volatile fatty acids (VFA), were found to be lower than the inlet concentrations.
The alkalinity in the system accepts the hydrogen ion released by acids and the system is taken
over by methanogensis to maintain the pH. The outlet concentration of sulfate ion was found to
be increasing due to inhabitation of sulfur-reducing bacteria by an anaerobic condition of VFA
and alkalinity at a pH less than 7.8.This process favors the production of CH4 than HyS gas. In
general, there was a high likelihood of improving the performance of UASB reactor operating at
psychrophilic temperature by optimizing operational parameters.

1. Introduction

One of several anaerobic wastewater treatment processes is the up-flow anaerobic sludge blanket (UASB) reactor. The UASB reactor
is a popular method for removing organic matter from wastewater [1]. It is an anaerobic process in which microorganisms remove
organic matter. It does not require any media to grow microorganisms and has lower operation and maintenance costs than aerobic
treatment. The UASB reactor can treat both domestic and industrial wastewater because it performs better in mesophilic conditions
[2-4]]. It may be the best method for treating these two types of wastewater in developing countries [5,6]. The main objectives of
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wastewater treatment plants are to reduce the organic and inorganic pollutants in the wastewater while enhancing the treatment
efficiency. The treatment efficiency of the UASB reactor is evaluated using the removal efficiencies of the biochemical oxygen demand
(BOD), chemical oxygen demand (COD), total suspended solid (TSS), and total dissolved solid (TDS) [7-9]. An increase in treatment
efficiency of the WWTP is in line with the sustainable development goals (SDGs) that states, in the year 2030 the quality of the water
either supplied or discharged to the environment should be improved by reducing pollution, minimizing toxic metals and halving the
proportion of untreated wastewater and increasing water reuse and recycling. To foster SDGs, many researchers considered various
operational parameters in order to remove these pollutants and improve the treatment efficiency of the UASB reactor. To increase the
performance of UASB reactor, there were researchers that considered HRT to be the only parameter. These researchers treated
wastewater under various HRT (15.7 to 8d) and discovered optimal COD removal ranges ranging from 86.3% to 90.6% [10].Again in
the other research done by Klesyk D. [11], they considered HRT as a sole parameter to increase the performance efficiency of the UASB
reactor through the control of temperature, flow and up flow velocity. But, they concluded changes in HRT would not result in an
expected result. Other researchers demonstrated that, HRT was not the only parameter that improves the performance of the UASB
reactor. They combined temperature (10-20 °C) with fixed HRT (6hrs.) and found COD removal of 60 + 4.5% and 51.5 + 5.5% at
12.5-20 °C [12]. Other researchers also combined temperature and HRT to look the performance efficiency of UASB reactor. They used
a fixed HRT of 4.7 days at temperatures ranging from 13 °C to 25 °C and achieved a COD removal efficiency of 70%.They eventually
concluded that the UASB reactor’s removal efficiency was not only affected by the combined effect of HRT and temperature, but also by
influent strength, particularly on COD concentration [13,14].But other researcher tried to associate the effect of up flow velocity on the
combined effects of temperature and HRT. They concluded that, as long as you keep the up flow velocity lower than 0.35 m/h, the
removal efficiency of the UASB reactor remains constant for that specific temperature (82% for 28 °C, 68% for 14 °C and 44% for 10 °C)
[15]. Furthermore, researchers also tried to increase the removal efficiency of the UASB reactor by considering a fixed HRT (3hrs.) and
OLR (4kgCOD/m3.d) at an ambient temperature. They concluded that 90-92% COD and 94-96% BOD reductions were achieved [16].
Again in the research done by Ref. [17],they determined the removal efficiency of the UASB reactor for a fixed OLR(1kgCOD,/m>.d)
and HRT(8.74d) and obtained 78% COD and 53% TSS. This experimental study was done for one thing several researcher combined
only two different operational parameters to enhance the performance efficiency of the UASB reactor. For another thing, the study was
conducted since the WWTP’s UASB reactor’s manual set a removal efficiency of 55% for COD and 70% for TSS at psychrophilic
temperature. Hence, the combined effect of two parameters for psychrophilic temperature will not permanently result in an increase in
removal efficiency for UASB reactor. Therefore, this study focuses on the optimization of operational parameters such as temperature,
OLR, HRT, and pH that enhances the removal efficiency at psychrophilic temperature. For optimization of these operational pa-
rameters CCD-RSM tool was used. The tool was also used to develop models that show the percentage removal of COD, TSS and VSS. It
also graphically gives the combined effect of operational parameters on the COD, TSS and VSS removal.

Table 1
HRT values for 30 experimental runs.

Experimental number Temperature(°C) pH OLR (kgCOD/m3.d) Inlet COD (mg/1) HRT (hrs.)
1 30 6.30 1 80 1.92
2 30 6.30 3 580 4.64
3 30 7.80 3 730 5.84
4 30 7.80 3 840 6.43
5 30 6.30 3 580 4.64
6 30 7.80 3 550 4.25
7 15 5.55 2 590 7.05
8 30 7.05 2 690 8.17
9 15 7.05 2 490 5.53
10 15 7.05 4 790 4.45
11 15 7.05 2 480 5.46
12 15 7.05 2 830 9.57
13 15 7.05 2 530 6.22
14 15 7.05 2 540 6.29
15 15 7.05 2 740 8.53
16 15 7.05 2 700 8.24
17 15 8.55 2 640 7.41
18 0 6.30 3 800 6.24
19 0 6.30 3 990 7.55
20 0 6.30 1 730 17.32
21 0 6.30 1 540 12.58
22 0 7.80 3 700 5.36
23 0 7.80 3 610 4.53
24 0 7.80 1 980 23.32
25 0 7.80 1 830 19.53
26 -5 7.05 2 830 9.58
27 45 7.05 2 810 9.44
28 15 7.05 0 850 0.00
29 15 7.05 0 980 0.00
30 15 7.05 0 720 0.00
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2. Materials and methods
2.1. Chemicals and materials

Tables 1 and 2 illustrate the instruments/apparatuses and chemicals utilized throughout the experimental research (Supplemental-
Tables 1 and 2).

2.2. Experimental reactor set up

The experimental reactor setup consisted of a barrel filled with 100L of water and refrigerator’s evaporator mounted on opposite
sides of the barrel. Evaporators were linked to the compressors, radiator, and supply fan mounted on the setup’s exterior which was
used for cooling the wastewater. Inside the water-filled barrel, a 2500W heater was installed. It was used to heat the wastewater when
the temperature of the wastewater was needed to be raised. A timer, thermostat, and temperature sensors were all part of the control
board panel. The cooling system, heating system, the sensor and the power sources were finally connected to the process integrated
derivatives (PID) control board. The PID control board was the master mind to control temperature, HRT, heating and cooling systems
in the pilot scale UASB reactor. Measuring the initial concentration of COD of the sample wastewater helps to determine HRT which
later on was filled in the timer. The HRT determined the length of time the wastewater stayed in the pilot scale reactor. The thermostat
on the PID was used to set the experimentally required temperature which was obtained from CCD-RSM tool, and the reactor sensor
was used to sense the wastewater temperature. A 0.0486 m® square reactor was immersed inside the barrel and filled with wastewater.
This volume of reactor was used for experimentation, for one thing since a compressor(hp) of higher capacity for cooling can’t be found
locally and for another thing to make manageable inlet and outlet wastewater. Finally the barrel and pilot scale UASB reactor were
wrapped with aluminum insulator to preserve the wastewater temperature. The strength of this research was that the inversion of the
PID control board for data collection through the control of temperature by heating and cooling systems,and HRT.The reactor set up
with the PID control board can stand by itself like WWTP employing UASB reactor for data collection.Further, the achievement of
higher %COD, %TSS and %VSS than the removal deficiency set by the manual makes the research outstanding. Moreover, higher
removal efficiency through the optimization of operational parameters for psychrophilic temperature with out incurring energy was
the great achievement for this research.Fig. 1 depicts the reactor setup used with the pilot scale reactor for the experiment (see Fig. 2).

2.3. Inoculation of the pilot UASB reactor

It is well known that UASB rector takes a couple of months(around 120 days) for startup [18,19]. 10L of sludge was taken from the
sludge blanket zone of the existing WWTP’s UASB reactor and inoculated to the experimental pilot scale UASB reactor to shorten the
startup period.

2.4. Sampling techniques

For every 30 experimental runs obtained from CCD-RSM the initial sample was taken from the existing WWTP employing UASB
reactor. But outlet concentrations for each run were taken from the pilot scale UASB reactor after the wastewater had stayed for the
determined HRT and temperature. Grab sampling technique was employed for inlet and outlet samples concentration determination.

2.5. HRT determination

For every experimental test set by CCD-RSM, initial sample was taken from the existing WWTP. After achieving the initial COD
concentration (mg/1), the following formula can be used to calculate HRT.

Q*Soz So HRT So

OLR = . =—
vV HRT OLR

@

Where Q-is discharge (ms/d), S, —is initial COD concentrations in kg COD/m3, V-is volume of the reactor (m3), OLR is organic loading
rate (kgCOD/ms.d). Table 3 shows the HRT determined for each experimental test using equation (1). The determined HRT denotes the
amount of time the wastewater remained in the reactor set up for the test[20].

Table 2

coded operational parameters and five levels used by CCD-RSM.
Operational Parameters Code with unit Five levels used in CCD-RSM

-o -1 0 +1 +a

Temperature A(°C) -15 0 15 30 45
OLR B(kgCOD/m>.d) 0 1 2 3 4
pH C 5.55 6.3 7.05 7.8 8.55
HRT D(hrs.) 0 4 8 12 16
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Fig. 1. Schematic diagram of PID control board with pilot scale UASB reactor.
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Fig. 2. Plot of Studentized residuals versus experimental data collected.
2.6. Operational parameters

Temperature, OLR, pH, and HRT were used as operational parameters to improve the performance of the UASB reactor at psy-
chrophilic temperatures. Since psychrophilic temperature was used in the study, a temperature range of 0 °C-30 °C was taken into
account. An OLR of 1kgCOD/m>.d to 3kgCOD/m®.d was chosen since domestic wastewater was used throughout the experiment. The
pH range of 6.3-7.8 was chosen because methanogenis thrives in this range. Furthermore, HRT of 4-12 h was chosen because this time
span includes the average and peak flow (dry and wet weather flow).

2.7. Methods for determination of physicochemical characteristics of the wastewater

The wastewater samples were analyzed for the physicochemical parameters during the dry season. This season was selected since it
was part of the design criteria as the wastewater got concentrated. UASB reactor operational Parameters such as temperature
(0°C-30°C), OLR (1kgCOD/m3.d - 3kgCOD/m3.d), pH (6.3-7.8) and HRT (4-12) were combined using Design Expert (Stat-Ease, Inc.,
version 13.0.1.0, Minneapolis, USA). In this experimental research, CCD-RSM was used to reduce the total number of experiments in
order to achieve the best overall optimization conditions of the process. The tool provided 30 experimental runs for data collection. In
each and every run of the experiments, the inlet and outlet samples were analyzed for physicochemical parameters like pH, COD, TSS,
VSS, alkalinity, VFA and Sulfate ions concentration. The performance efficiency of the reactor set up was measured using equation-2.

Cin uent — Ce uen,
%Performance efficiency of UASB Reactor = {%} * 100 2)
influent
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Table 3

Inlet and outlet sulfate ion concentrations.
Expt. run Temperature(°C) pH OLR (kgCOD/rns.d) HRT (hrs.) In let SO32 (mg/1) Out let SO32 (mg/1)
1 30 6.30 1 1.92 16 40
2 30 6.30 3 4.64 63 82
3 30 7.80 3 5.84 52 75
4 30 7.80 3 6.72 47 65
5 30 6.30 3 4.64 51 80
6 30 7.80 3 4.25 52 82
7 15 5.55 2 7.08 49 56
8 30 7.05 2 8.17 53 80
9 15 7.05 2 5.53 55 80
10 15 7.05 4 4.45 43 80
11 15 7.05 2 5.46 30 80
12 15 7.05 2 9.57 52 80
13 15 7.05 2 6.22 38 80
14 15 7.05 2 6.29 46 80
15 15 7.05 2 8.53 31 80
16 15 7.05 2 8.24 34 80
17 15 8.55 2 7.41 39 80
18 0 6.30 3 6.4 34 80
19 0 6.30 3 7.55 27 80
20 0 6.30 1 17.32 25 80
21 0 6.30 1 12.58 30 80
22 0 7.80 3 5.36 25 87.5
23 0 7.80 3 4.53 17 67
24 0 7.80 1 23.32 26 32
25 0 7.80 1 19.53 22 37
26 -5 7.05 2 9.58 31 4
27 45 7.05 2 9.44 24 50

At —5 °C, pH 7.05, OLR 2kgCOD/m>.d and HRT 9.58hrs. the out let SO32 concentration were seen extremely decreasing.This is because as tem-
perature decreases extremely to negative values the activities of anaerobic microorganisms decreases [49].

Table 4
VFA to alkalinity ratio.
Expt. no Temperature (°C) pH OLR (kgCOD/m?.d) HRT (hrs.) intet — VA out let —VFA_
Alkalinity Alkalinity
Ratio Ratio
1 30 6.3 1 1.92 0.100 0.075
2 30 6.3 3 4.64 0.070 0.150
3 30 7.8 3 5.84 0.060 0.069
4 30 7.8 3 6.72 0.090 0.100
5 30 6.3 3 4.64 0.120 0.120
6 30 7.8 3 4.25 0.130 0.110
7 15 8.55 2 7.08 0.080 0.090
8 30 7.05 2 8.17 0.070 0.140
9 15 7.05 2 5.53 0.090 0.120
10 15 7.05 4 4.45 0.100 0.120
11 15 7.05 2 5.46 0.130 0.150
12 15 7.05 2 9.57 0.120 0.090
13 15 7.05 2 6.22 0.140 0.100
14 15 7.05 2 6.29 0.090 0.140
15 15 7.05 2 8.53 0.110 0.130
16 15 7.05 2 8.24 0.090 0.120
17 15 8.55 2 7.41 0.080 0.140
18 0 6.30 3 6.40 0.077 0.087
19 0 6.30 3 7.55 0.085 0.110
20 0 6.30 1 17.3 0.100 0.150
21 0 6.30 1 12.6 0.097 0.120
22 0 7.80 3 5.36 0.120 0.090
23 0 7.80 3 4.53 0.130 0.089
24 0 7.80 1 23.3 0.096 0.110
25 0 7.80 1 19.5 0.100 0.058
26 -5 7.05 2 9.58 0.120 0.02
27 45 7.05 2 9.44 0.100 0.100

At —5 °C, pH 7.05, OLR 2kgCOD/m>.d, and HRT 9.58hrs. the outlet VFA to alkalinity ratio was seen out of the range since acidogenesis and
methanogenesis were hindered with decrease in temperature [54].
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Where: Cinguen: is the concentration of raw sewage in mg/1 [21]
Ceffiuen: 15 the concentration of sewage leaving the reactor set up in mg/1

2.8. Statistical analysis

CCD-RSM was used for data analysis. It was also used for performance enhancement and optimization of operational parameters of
the UASB reactor [22,23]. CCD-RSM used five different levels for each experiment. These five different levels for each experiment in
coded form is from -a,-1, 0, +1, to +a. In order to investigate the effect of various independent operational parameters such as
temperature (A), OLR (B), pH(C) and HRT (D) a CCD-RSM with 30 experimental runs were used for the optimization of process pa-
rameters. The total number of runs was determined by equation (3).

N=K*+2k+cy=4+2%4+6=30 (3)
Where N is the total number of experimental run, K is the number of operational parameters; ‘c,’ is center point.
2.9. Modeling performance efficiency of COD, TSS and VSS

Modeling of the performance of COD, TSS and VSS were carried out by using CCD-RSM. The adequacy of the model equations were
evaluated using analysis of variance (ANOVA). Quality of fit of the model equations and their statistical significance were expressed
using F-test, coefficient of determination (Rz), prediction coefficients of determination (Pred. R2), adjusted coefficients of determi-
nation (adj-Rz), and coefficients of variation (CV). In CCD-RSM the effect of main factors as well as the effect of their interactions on the
response was determined. For the four experimental factors the general mathematical model developed by using central composite
design is as follows.

k
Y=p,+ Z(ﬁixi)JF /

i=1 i

Bixix;+ € “4)

k k
(Bi) + 2
=1 i=1 i=1
Where; Y is the experimental response variable, i, is the intercept, f;, and B are the regression coefficients for intercept, linear effect, double
interaction and quadratic effects respectively. x;, X; are the independent variables (experimental variables) and & is random error[24,25]

2.10. Limitation of the research

The experimental reactor set up has cooling system which encompasses compressor. The cooling system’s compressor had a lower
capacity and could cool 48.6L of wastewater. This was due to the inability to get a larger capacity compressor locally. Because pa-
rameters such as granulation and mixing were uncontrollable in this study, only four controllable operational parameters were
considered.

3. Result and discussion
3.1. Experimental validation

To validate the optimization results, an experiment was done for the conditions developed by the model. The model estimated COD,
TSS and VSS removal efficiency of 91.06%, 98.35%, and 93.26% respectively at temperature of 21.58 °C, OLR of 2.99kgCOD/m®.d, pH
of 6.3, and HRT of 4.37hrs. Using the estimated operational parameters by the model, an experiment was performed and removal
efficiencies of 92.70%, 97.38%, 96.50%, COD, TSS and VSS were obtained which was in agreement with the result predicted by the
model and hence the model was validated.

3.2. Characterization of wastewater parameters

Wastewater is characterized based on origin, composition and flow variation. In practice inlet and outlet samples were collected for
30 different runs for dry season. Parameters such as COD, SOy 2, VFA, Alkalinity, TSS and VSS were measured. The parameters load
showed variation of (pH:5.55-8.55), (SO4 216-87.5 mg/1), VFA to alkalinity ratio (0.06-0.058), alkalinity (260-170 mg/1 as CaCOs),
TSS (3-235.44 mg/1) and VSS (10-260 mg/1).The collected data showed that the wastewater strength comply with the standard set for
the WWTP supplementary-1 Table 3, 4 and 5. The inlet and outlet Wastewater data collected during the dry season is tabulated in
supplementary-1 Table 5.

3.3. Performance enhancement modeling and model analysis
Performance enhancement experiments were carried out using the reactor set up according to CCD-RSM. The results %COD, %TSS

and %VSS removal from the wastewater on the interaction of four operational parameters were used for the model generation. Since
the adjusted R-Squared (0.9269), predicted R-Squared (0.6350), and R squared values (0.9622) of quadratic model were greater than
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linear adjusted R-Squared (0.4068), predicted R-Squared (0.6350), and R squared (0.4886), the CCD-RSM suggested quadratic model.
Quadratic regression was done for the prediction of the responses as a second order. For the response percentage COD, TSS and VSS
removal the model fit summery showed that second order polynomial model was statically significant. The quadratic model developed
by CCD-RSM showed a response with coded operational parameters like temperature (A),OLR(B),pH(C) and HRT(D).To the best of the
researchers’ knowledge no work has been done to develop similar model using CCD-RSM and combining four UASB operational
parameters. But other researchers had done models with different software tools like MATLAB2011a, Monod models, and Contois
model [26-28] for two UASB operational parameter and got successful performance prediction and optimizations of parameters. The
analysis of variance supported the quadratic model’s adequacy and significance (ANOVA). The ANOVA analysis is the best fit for CCD
models and it is used to analyze experimental data.

3.3.1. COD model
The %COD removal model shown in equation (5) was obtained from the CCD-RSM.

%COD Removal = 76.8045 + 12.3033A + 7.0157B — 10.6719AB — 15.7041AD — 4.1237BC — 6.0331BD — 8.9942A%+2.8596C"
(5)

The model parameters A, B, AB, AD, BC, BD, A?, C? were statistically significant (P < 0.05) at 95% confidence level. The percentage
removal of COD was affected by single parameter or the interaction of parameters. They can affect the model negatively or positively.
Fisher’s ‘F’-test was used for ANOVA analysis. The model was significant since the model’s F-value was obtained to be 27 [29].There
was only 0.01% chance that an F-value this large could occur due to noise. For this study the probability of P statics obtained were
<0.0001.The P-value <0.05 indicated the model terms were significant. The lack of fit F-value 1.11 implied the lack of fit was not
significant relative to the pure error. There was 64.14% chance that a lack of fit F- value this large could occur due to noise.
Non-significant lack of fit was good because we need the model to fit. The adjusted R? determination coefficient value (0.927) was used
to explain the fit between experimental data and the model data. The adjusted R? = 0.927 means that about 92.7% of the total
percentage removal of COD data could described with the model developed. The adequate precision in the fit statics was used to
measure the signal to noise ratio. A ratio greater than four was desirable. In this model, adequate precision ratio of 22.22 indicated an
adequate signal. That means this model could be used to navigate the design space. Furthermore, a plot was done between predicted
percentage removal and studentized residual in which the values were scattered between +4.00.The plots indicated that the model
best fitted with experimental data collected.

3.3.2. TSS model
Equation (6) shows the TSS removal model

%TSS Removal =75.5637 + 6.2977A — 8.9878B — 4.5348C — 14.9922D — 9.0683AB + 9.5147AD + 7.8825BC + —28.7737BD
+13.1374CD — 6.4923A% — 6.1265B> 6)
The percentage removal of TSS was affected by linear or combined interactions of operational parameters. They affect the model

negatively or positively. The ANOVA analysis, %TSS removal coded parameters, adjusted coefficient of determination, and plot of
studentized residuals for percentage removal of TSS are shown in supplementary-2.

3.3.3. VSS model
Equation (7) shows the VSS removal model

%VSS Removal = 56.0954 + 9.1897A — 16.3308B — 18.1609D — 11.4775AB + 10.6264AC + 17.9508AD + 11.9614BC — 34.054BD
+21.9357CD — 6.8842A% + 7.3882C* + 7.3529D*
(7)

Single or double interactions of operational parameters were affecting the percentage removal of VSS negatively or positively. The
ANOVA analysis, %VSS removal parameters, adjusted coefficient of determination, and plot of studentized residuals for percentage
removal of VSS are shown in Supplementary-3.

3.4. Model generated results

The model generated a percentage removal range from 0 up to 94.83% for COD, 0 up to 98.35% for TSS and —15 to 93.26% for VSS.
From all out puts generated by the model an optimal value of temperature 21.58 °C, COD of 2.99kgCOD/m3.d, pH of 6.3 and HRT of
4.37hrs.were selected. This optimal condition was selected since the aim of the research was a way to enhance the performance ef-
ficiency of UASB reactor for psychrophilic temperature without encoring cost like heat. But if there is a mechanism by which the
temperature of the wastewater is increased there is a probability to increase the percentage removal of COD, TSS and VSS respectively
to 94.83%, 98.35%, and 93.26%.
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3.5. Interactional effects of operational parameters on %COD removal

3.5.1. Interactional effect of temperature and OLR

Fig. 3 depicts the combined effect of temperature and OLR on removal efficiency of COD. The percentage removal of COD increased
with an increase in temperature and OLR, it was seen from figure that the removal efficiency increased with an increase in OLR from
1kgCOD/m>.d to 3kgCOD/m>.d. In addition, temperature has a significant impact on the performance of a UASB reactor because it
affects the hydrolysis process, substrate utilization rate, solids settling, and gas transfer rates [29,30].

3.5.2. Interactional effect of temperature and HRT

The interaction effect of temperature and HRT on the percent removal of COD was shown in Fig. 4. As temperature increases with
lower HRT the removal efficiency of COD get increased. This is because as temperature increases the activities of microorganism’s
increases and the chance in contact between the microorganisms and substrate in wastewater get increases [31,32]. From the 3D figure
it can be seen that at lower temperature and lower HRT the removal efficiency of COD reached minimum. This is because as tem-
perature and HRT get reduced the contact time between microorganisms and substrate get reduced and insufficient methanogens
occurs. In the research done by Kapumbe DJ et al. [33] the COD removal decreases by 50% for every temperature decrease by 10 °C.

3.5.3. The combined effect of temperature and pH

The combined effect of temperature and pH on the percentage removal of COD was shown in Fig. 5. From the plot it was seen that,
temperature and pH were increased at about 7 resulted in to increase in percent removal of COD. For higher temperature at pH = 7 the
COD removal was higher [34]. This was because an increase in pH in the range of 6.3-7.8 increase methanogenesis [35,36]. The plot
also showed that at pH 7, the % removal of COD was seen to be maximum at a temperature of 24.5 °C beyond this pH the % removal of
COD was decreased this is because methanogenesis process is hindered [37,38].

3.5.4. The combined effect of OLR and HRT

The interactional effect of OLR and HRT on the percentage removal of COD is shown in Fig. 6. As OLR increased from 1 to 3kgCOD/
m°>.d and HRT decreased from 12 to 4hrs. the percentage removal of COD was seen increased. The reason might be as substrate
concentration get increased with optimum HRT, the probability of the microorganisms to get in contact with the substrate will be
enhanced and hence the removal efficiency of the COD get increases [39].

3.5.5. The combined effect of OLR and pH

Fig. 7 presented the interactional effect between OLR and pH on COD. It was observed that a sharp increase in the COD removal
occurred when the pH value of the solutions changed from 7.8 to 6.3 this was occurred up to 3kgCOD/m?.d. But as OLR decreases with
an increase in pH the % removal of COD was seen decreasing. The decrease in COD removal efficiency at higher pH might be due to the
methanogenesis process hindrance [40-42].

3.5.6. The combined effect of HRT and pH
Fig. 8 below presented the interaction effect of HRT and pH on the percent removal of COD. From the plot it was seen that,
increasing in both HRT and pH up to certain limit but beyond the concentrations the % removal was decreased, due to weak

%COD Removal (%)

B: OLR (kgCOD/m3.d)

A: Temperature (O¢)

Fig. 3. interactional effects of temperature and OLR on % COD removal.
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Fig. 6. interactional effects of OLR and HRT on %COD removal.

Heliyon 9 (2023) e19781



J. Girma et al. Heliyon 9 (2023) e19781

I

iy
-
Wi

]
i
1]

il
i
/;//” II/Z /
Uiy
—

%COD Removal (%)

8: OLR (kgCOD/m3.d)

Fig. 7. interactional effects of OLR and pH on %COD removal.

degradation of organic compounds and hence this was due to the hindrance in methanonogenesis process [43-45]. In the same way the
combined effects of temperature against OLR, temperature against HRT and OLR against HRT, temperature against pH, OLR against pH and
HRT against pH for % removal of TSS and VSS were given in supplementary-4 and 5 respectively.

3.5.7. Sulfate ion concentration
In this experimental research the outlet sulfate ion concentration was found to be greater than the inlet. This is due to high

methanogesis process which hinders sulfur reducing bacteria [46-48].

3.5.8. VFA to alkalinity ratio
In this research, VFA to alkalinity ratio was seen in the rage of 0.05-0.15.This showed that the UASB reactor was operating at

normal condition. As saprophytes break down complex molecules acids are produced in the system (acetic acid, propionic acid and
butyric acids) [50-52]. The alkalinity in the system accepts the hydrogen ion released by acids and the system is taken over by

methanogensis to maintain the pH [53].

4. Conclusion

The aim of this research was to presented to improve the performance efficiency of an unregulated WWTP using the UASB reactor at
psychrophilic temperatures. The effect of selected operational parameters such as temperature (0°C-30 °C), OLR (1kgCOD/m?®.d-
3kgC0D/m3.d), pH (6.3-7.8), and HRT (4-12hrs.) were investigated and optimized for higher removal efficiencies of COD, TSS and
VSS using CCD-RSM. The optimal parameters were found to be: temperature = 21.58 °C, OLR = 2.99kgCOD,/m?>.d, pH = 6.3 and HRT
= 4.37hrs. This optimal condition was selected since the aim of the research was to enhance the performance efficiency of UASB
reactor for psychrophilic temperature without incurring additional cost like heat cost for heating. With these optimal conditions, the

%COD Removal (%)

D: HRT (hrs.)

Fig. 8. interactional effects of pH and HRT on %COD removal.
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CCD-RSM’s maximum removal efficiencies were 91.06% COD, 98.35% TSS, and 93.26% VSS. At these optimum conditions, removal
efficiencies of 92.70% COD, 99.06% TSS, and 94.50% VSS were achieved experimentally. However, if there is a means of increasing
temperature of the wastewater there is a potential to increase the percentage removal of COD, TSS, and VSS to 94.83%, 98.35%, and
93.26%, respectively. Moreover, the inlet and outlet concentrations of VFA, alkalinity, sulfate ion, VFA to alkalinity ratio and pH were
measured. Outlet concentration of VFA and alkalinity were found to be decreasing. This is because as saprophytes break down complex
molecules acids are produced in the system (acetic acid, propionic acid and butyric acids). The alkalinity in the system accepts the
hydrogen ion released by acids and the system is taken over by methanogensis to maintain the pH. The out let concentration of sulfate
ion was found to be decreasing. with respect to inlet concentration. The reason is that the existence of sulfur-reducing bacteria is
hampered by an anaerobic condition of VFA and alkalinity at a pH less than 7.8.This inturn increases the production of CH4 than HyS
gas. Generally, from the experimental investigation, one can conclude that there is a room to enhance the performance of the UASB
reactor working at psychrophilic temperature by optimizing the operational parameters such as temperature, OLR, pH and HRT.
Furthermore, these optimizations give hope that energy-scarce countries will benefit from optimizing UASB reactor operational
parameters.

5. The authors declare that they have no conflict of interests.

7. There is no funding to support this research.

Author contribution statement

1 - Conceived and designed the experiments.

2 - Performed the experiments.

3 - Analyzed and interpreted the data.

4 - Contributed reagents, materials, analysis tools or data.
5 - Wrote the paper.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

8. Acknowledgement

The authors would like to thank Addis Ababa Water and Sewage Authority (AAWSA) worker Zerhiun Abate,Alemayehu,Mizbah
Elias Hassen,Getachew Bekele,Tadeg Mengesha, Gezahegn Sida,Reta Teshome, Dereje Birhanu,Hewan,Yonathan,Addis and all other
workers at kality WWTP. The authors also need to thank Ethiopian Water Resource Institute Dean Dr. Zeleke, Tafere (laboratory head),
and Zeleka (store keeper) who have contributed laboratory materials and chemical for the research to be practical.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e19781.

References

[1] Y. Pererva, C.D. Miller, R.C. Sims, Approaches in design of laboratory-scale uasb reactors, Processes 8 (6) (2020) 1-26, https://doi.org/10.3390/pr8060734.
[2] K. Yetilmezsoy, S. Sakar, Development of empirical models for performance evaluation of UASB reactors treating poultry manure wastewater under different
operational conditions, J. Hazard Mater. 153 (1-2) (2008) 532-543, https://doi.org/10.1016/j.jhazmat.2007.08.087.
[3] R.Rodriguez-Gémez, G. Renman, L. Moreno, L. Liu, A model to describe the performance of the UASB reactor, Biodegradation 25 (2) (2014) 239-251, https://
doi.org/10.1007/510532-013-9656-z.
[4] Schultz J, Jensen AL, Pinheiro A, Da Silva JD. m. Proc - 2015 9th Int Conf Complex, Intelligent, Softw Intensive Syst CISIS 2015. Published online 2015:398-401.
doi:10.1109/CISIS.2015.57.
[5] S.Chong, T.K. Sen, A. Kayaalp, H.M. Ang, The performance enhancements of upflow anaerobic sludge blanket (UASB) reactors for domestic sludge treatment - a
State-of-the-art review, Water Res. 46 (11) (2012) 3434-3470, https://doi.org/10.1016/j.watres.2012.03.066.
[6] A.T. Lomte, V.V. Bobade, Challenges in UASB reactor system design : a Review, Int. J. Sci. Res. 4 (4) (2015) 802-807.
[7] R.S. Parihar, P. Baredar, A.K. Sharma, R.L. Rajput, Performance of uasb reactor as a common effluent treatment plant: a case study, Int. J. Civ. Eng. Technol. 8
(9) (2017) 279-285.
[8] L.M.W. Wijaya, E.S. Soedjono, Physicochemical characteristic of municipal wastewater in tropical area: case study of surabaya city, Indonesia, IOP Conf. Ser.
Earth Environ. Sci. 135 (1) (2018), https://doi.org/10.1088/1755-1315/135/1/012018.
[9] V. Pahal, R. Rana, G. Singh, K.S. Dadhich, ASSESSMENT OF VARIOUS PHYSICO — CHEMICAL PARAMETERS OF TREATED AND UNTREATED WASTE WATER
FROM DISTRICT, vol. 39, 2020, pp. 123-129, 1.
[10] K. Yetilmezsoy, B. Ozkaya, M. Cakmakci, Artificial intelligence-based prediction models, Published online (2011) 193-218.
[11] D. Klesyk, Strategies of improvement of UASB reactor operation (Thesis) (2017) 64. Published online.
[12] L. Zhang, J. De Vrieze, T.L.G. Hendrickx, et al., Anaerobic treatment of raw domestic wastewater in a UASB-digester at 10 °C and microbial community
dynamics, Chem Eng J 334 (2018) 2088-2097, https://doi.org/10.1016/j.cej.2017.11.073.

11


https://doi.org/10.1016/j.heliyon.2023.e19781
https://doi.org/10.3390/pr8060734
https://doi.org/10.1016/j.jhazmat.2007.08.087
https://doi.org/10.1007/s10532-013-9656-z
https://doi.org/10.1007/s10532-013-9656-z
https://doi.org/10.1016/j.watres.2012.03.066
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref6
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref7
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref7
https://doi.org/10.1088/1755-1315/135/1/012018
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref9
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref9
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref10
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref11
https://doi.org/10.1016/j.cej.2017.11.073

J. Girma et al.

[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

[26]
[27]

[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]

[44]
[45]

[46]
[47]

[48]
[49]

[50]
[51]

Heliyon 9 (2023) e19781

E.M.P. Barampouti, S.T. Mai, A.G. Vlyssides, Dynamic modeling of biogas production in an UASB reactor for potato processing wastewater treatment, Chem Eng
J 106 (1) (2005) 53-58, https://doi.org/10.1016/j.cej.2004.06.010.

P. Pandya, A.K. Sharma, S. Sharma, S. Verma, Effect of operational and design parameters on removal efficiency of a pilot-scale uasb reactor treating dairy
wastewater, J. Ind. Pollut. Control 27 (2) (2011) 103-111.

B. Lew, M. Belavski, S. Admon, S. Tarre, M. Green, Temperature effect on UASB reactor operation for domestic wastewater treatment in temperate climate
regions, Water Sci. Technol. 48 (3) (2003) 25-30, https://doi.org/10.2166/wst.2003.0151.

K.S. Singh, H. Harada, T. Viraraghavan, Low-strength wastewater treatment by a UASB reactor, Bioresour. Technol. 55 (3) (1996) 187-194, https://doi.org/
10.1016/0960-8524(96)86817-9.

M.S. de Graaff, H. Temmink, G. Zeeman, C.J.N. Buisman, Anaerobic treatment of concentrated black water in a UASB reactor at a short HRT, Water
(Switzerland) 2 (1) (2010) 101-119, https://doi.org/10.3390/w2010101.

J.A. Alvarez, 1. Ruiz, M. Gémez, J. Presas, M. Soto, Start-up alternatives and performance of an UASB pilot plant treating diluted municipal wastewater at low
temperature, Bioresour. Technol. 97 (14) (2006) 1640-1649, https://doi.org/10.1016/j.biortech.2005.07.033.

H. Rizvi, N. Ahmad, F. Abbas, et al., Start-up of UASB reactors treating municipal wastewater and effect of temperature/sludge age and hydraulic retention time
(HRT) on its performance, Arab. J. Chem. 8 (6) (2015) 780-786, https://doi.org/10.1016/j.arabjc.2013.12.016.

Resolutions taken at the world conference on lung health B 1990. Resolutions taken at the world conference on lung health, Boston 1990, Bull. Int. Union
Tuberc. Lung Dis. 65 (2-3) (1990) 7-9.

Saha P. Das, A. Dey, P. Marik, Batch removal of chromium (VI) from aqueous solutions using wheat shell as adsorbent: process optimization using response
surface methodology, Desalin Water Treat 39 (1-3) (2012) 95-102, https://doi.org/10.1080/19443994.2012.669164.

A. Jain, B.J. Bora, R. Kumar, P. Sharma, H. Deka, Theoretical potential estimation and multi-objective optimization of Water Hyacinth (Eichhornia Crassipes)
biodiesel powered diesel engine at variable injection timings, Renew. Energy 206 (2023) 514-530, https://doi.org/10.1016/j.renene.2023.02.033.

Sharma P, Sivaramakrishnaiah M, Deepanraj B, Saravanan R, Reddy MV. A novel optimization approach for biohydrogen production using algal biomass. Int. J.
Hydrogen Energy. Published online 2022. doi:10.1016/j.ijhydene.2022.09.274.

M. Aghbashlo, W. Peng, M. Tabatabaei, et al., Machine learning technology in biodiesel research: a review, Prog. Energy Combust. Sci. 85 (July) (2021), https://
doi.org/10.1016/j.pecs.2021.100904.

S.M.A. Rahman, P. Sharma, Z. Said, Application of response surface methodology based D-optimal design for modeling and optimisation of osmotic dehydration
of zucchini, Digit Chem Eng 4 (June) (2022), 100039, https://doi.org/10.1016/j.dche.2022.100039.

L. Korsak, Anaerobic Treatment of Wastewater in a UASB Reactor, 2008. http://en.scientificcommons.org/47712859.

K.S. Singh, T. Viraraghavan, Effect of temperature on bio-kinetic coefficients in UASB treatment of municipal wastewater, Water Air Soil Pollut. 136 (1-4)
(2002) 243-254, https://doi.org/10.1023/A:1015212524720.

M. Isik, D.T. Sponza, Substrate removal kinetics in an upflow anaerobic sludge blanket reactor decolorising simulated textile wastewater, Process Biochem 40
(3-4) (2005) 1189-1198, https://doi.org/10.1016/j.procbio.2004.04.014.

R.C. Leitao, J.A. Silva-Filho, W. Sanders, A.C. van Haandel, G. Zeeman, G. Lettinga, The effect of operational conditions on the performance of UASB reactors for
domestic wastewater treatment, Water Sci. Technol. 52 (1-2) (2005) 299-305, https://doi.org/10.2166/wst.2005.0531.

T. Elmitwalli, G. Zeeman, G. Lettinga, Anaerobic treatment of domestic sewage at low temperature, Water Sci. Technol. 44 (4) (2001) 33-40, https://doi.org/
10.2166/wst.2001.0171.

L. Hernandez Leal, H. Temmink, G. Zeeman, C.J.N. Buisman, Characterization and anaerobic biodegradability of grey water, Desalination 270 (1-3) (2011)
111-115, https://doi.org/10.1016/j.desal.2010.11.029.

Verma AK, Kumar S. Characterization of sewage and design of a uasb reactor for its treatment. 2013;V(V):37-43.

D.J. Kapumbe, L. Min, M.A. Kisoholo, C.Y. Sun, L. Yongfeng, Effect of organic loading rate on coproduction of hydrogen and methane from molasses wastewater
and energy conversion by two-phase anaerobic fermentation, Appl. Ecol. Environ. Res. 17 (5) (2019) 11163-11174, https://doi.org/10.15666/aeer/1705_
1116311174.

AK. Verma, S. Kumar, Characterization of Sewage and Design of a Uasb Reactor for its Treatment, 2013. Published online.

S.J. Zhang, N.R. Liu, C.X. Zhang, Study on the performance of modified UASB process treating sewage, Adv. Mater. Res. 610-613 (2013) 2174-2178, https://
doi.org/10.4028/www.scientific.net/AMR.610-613.2174.

C. Casserly, L. Erijman, Molecular monitoring of microbial diversity in an UASB reactor, Int. Biodeterior. Biodegrad. 52 (1) (2003) 7-12, https://doi.org/
10.1016/50964-8305(02)00094-X.

A. Ahmad, R. Ghufran, Z. Abd Wahid, Effect of cod loading rate on an upflow anaerobic sludge blanket reactor during anaerobic digestion of palm oil mill
effluent with butyrate, J. Environ. Eng. Landsc. Manag. 20 (4) (2012) 256-264, https://doi.org/10.3846/16486897.2012.656647.

G. Nugroho, S.A. Santoso, Dynamical modeling of substrate and biomass effluents in up-flow anaerobic sludge blanket (UASB) biogas reactor, Int J Ind Chem 10
(4) (2019) 311-319, https://doi.org/10.1007/s40090-019-00194-w.

S. Farajzadehha, S.A. Mirbagheri, S. Farajzadehha, J. Shayegan, Lab scale study of HRT and OLR optimization in UASB reactor for pretreating fortified
wastewater in various operational temperatures, APCBEE Procedia 1 (January) (2012) 90-95, https://doi.org/10.1016/j.apcbee.2012.03.016.

Topic : Performance analysis and optimization of UASB reactor modeling for moderate temperature using GPS- X : case study Kality domestic Wastewater
Treatment Plant Ph. D Thesis Proposal by Johnny Girma I. D GSR/6054/13 :1-51.

Z. Wang, Y. Sun, W. Yao, Q. Ba, H. Wang, Effects of cadmium exposure on the immune system and immunoregulation, Front. Immunol. 12 (July) (2021) 1-15,
https://doi.org/10.3389/fimmu.2021.695484.

P.M.A. Arthur, Y. Konaté, B. Sawadogo, et al., Performance evaluation of a full-scale upflow anaerobic sludge blanket reactor coupled with trickling filters for
municipal wastewater treatment in a developing country, Heliyon 8 (8) (2022), https://doi.org/10.1016/j.heliyon.2022.e10129.

V. O’Flaherty, G. Collins, T. Mahony, The microbiology and biochemistry of anaerobic bioreactors with relevance to domestic sewage treatment, Rev. Environ.
Sci. Biotechnol. 5 (1) (2006) 39-55, https://doi.org/10.1007/511157-005-5478-8.

Pal J. Sushma, Performance of UASB reactor at different flow rate treating sewage wastewater, Int. J. ChemTech Res. 5 (2) (2013) 676-681.

A.H. Ghawi, H.J.M. Tisti, Performance of temperature changes and dosage for enhancement of nitrogen and phosphorus removal from wastewater: a
comparative study, J Phys Conf Ser (1) (2021) 1895, https://doi.org/10.1088/1742-6596,/1895/1/012033.

J. Sun, X. Dai, Q. Wang, Y. Pan, B.J. Ni, Modelling methane production and sulfate reduction in anaerobic granular sludge reactor with ethanol as electron
donor, Sci. Rep. 6 (September) (2016) 1-11, https://doi.org/10.1038/srep35312.

W.W. Li, H.Q. Yu, Advances in energy-producing anaerobic biotechnologies for municipal wastewater treatment, Engineering 2 (4) (2016) 438-446, https://
doi.org/10.1016/J.ENG.2016.04.017.

A. Aziz, A. Latiff, U. Tun, et al., Formation Process, 2011. June 2014.

S. Luostarinen, W. Sanders, K. Kujawa-Roeleveld, G. Zeeman, Effect of temperature on anaerobic treatment of black water in UASB-septic tank systems,
Bioresour. Technol. 98 (5) (2007) 980-986, https://doi.org/10.1016/j.biortech.2006.04.018.

V. Singh, R.P. Singh, N.D. Pandey, Dynamic Performance of UASB Reactor Treating Municipal Wastewater, 2016. Published online.

Batstone DJ, Keller J, Angelidaki I, Kalyuzhnyi S V, Pavlostathis SG, Rozzi A. ADM1-WST.pdf. EnzymeChemMsuRu. 1(1):65-74. http://www.enzyme.chem.msu.
ru/ekbio/article/ADM1-WST.pdf.

12


https://doi.org/10.1016/j.cej.2004.06.010
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref14
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref14
https://doi.org/10.2166/wst.2003.0151
https://doi.org/10.1016/0960-8524(96)86817-9
https://doi.org/10.1016/0960-8524(96)86817-9
https://doi.org/10.3390/w2010101
https://doi.org/10.1016/j.biortech.2005.07.033
https://doi.org/10.1016/j.arabjc.2013.12.016
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref20
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref20
https://doi.org/10.1080/19443994.2012.669164
https://doi.org/10.1016/j.renene.2023.02.033
https://doi.org/10.1016/j.pecs.2021.100904
https://doi.org/10.1016/j.pecs.2021.100904
https://doi.org/10.1016/j.dche.2022.100039
http://en.scientificcommons.org/47712859
https://doi.org/10.1023/A:1015212524720
https://doi.org/10.1016/j.procbio.2004.04.014
https://doi.org/10.2166/wst.2005.0531
https://doi.org/10.2166/wst.2001.0171
https://doi.org/10.2166/wst.2001.0171
https://doi.org/10.1016/j.desal.2010.11.029
https://doi.org/10.15666/aeer/1705_1116311174
https://doi.org/10.15666/aeer/1705_1116311174
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref34
https://doi.org/10.4028/www.scientific.net/AMR.610-613.2174
https://doi.org/10.4028/www.scientific.net/AMR.610-613.2174
https://doi.org/10.1016/S0964-8305(02)00094-X
https://doi.org/10.1016/S0964-8305(02)00094-X
https://doi.org/10.3846/16486897.2012.656647
https://doi.org/10.1007/s40090-019-00194-w
https://doi.org/10.1016/j.apcbee.2012.03.016
https://doi.org/10.3389/fimmu.2021.695484
https://doi.org/10.1016/j.heliyon.2022.e10129
https://doi.org/10.1007/s11157-005-5478-8
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref44
https://doi.org/10.1088/1742-6596/1895/1/012033
https://doi.org/10.1038/srep35312
https://doi.org/10.1016/J.ENG.2016.04.017
https://doi.org/10.1016/J.ENG.2016.04.017
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref48
https://doi.org/10.1016/j.biortech.2006.04.018
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref50
http://www.enzyme.chem.msu.ru/ekbio/article/ADM1-WST.pdf
http://www.enzyme.chem.msu.ru/ekbio/article/ADM1-WST.pdf

J. Girma et al. Heliyon 9 (2023) e19781

[52] J.A. Montes, R. Leivas, D. Martinez-Prieto, C. Rico, Biogas production from the liquid waste of distilled gin production: optimization of UASB reactor

performance with increasing organic loading rate for co-digestion with swine wastewater, Bioresour. Technol. 274 (November 2018) (2019) 43-47, https://doi.
org/10.1016/j.biortech.2018.11.060.

[53] Y. Mu, H.Q. Yu, Simulation of biological hydrogen production in a UASB reactor using neural network and genetic algorithm, Int. J. Hydrogen Energy 32 (15)
(2007) 3308-3314, https://doi.org/10.1016/j.ijhydene.2007.05.021.

[54] M. Mrunalini, Powar*, vijay S. Kore, sunanda V. Kore, girish S. Kulkarni. Review on applications of uasb technology for wastewater treatment, Int. J. Adv. Sci.
Eng. Technol. 2 (2) (2013) 125-133.

13


https://doi.org/10.1016/j.biortech.2018.11.060
https://doi.org/10.1016/j.biortech.2018.11.060
https://doi.org/10.1016/j.ijhydene.2007.05.021
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref54
http://refhub.elsevier.com/S2405-8440(23)06989-X/sref54

	Performance enhancement of up-flow anaerobic sludge blanket reactor for psychrophilic temperature during the dry season: Ka ...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and materials
	2.2 Experimental reactor set up
	2.3 Inoculation of the pilot UASB reactor
	2.4 Sampling techniques
	2.5 HRT determination
	2.6 Operational parameters
	2.7 Methods for determination of physicochemical characteristics of the wastewater
	2.8 Statistical analysis
	2.9 Modeling performance efficiency of COD, TSS and VSS
	2.10 Limitation of the research

	3 Result and discussion
	3.1 Experimental validation
	3.2 Characterization of wastewater parameters
	3.3 Performance enhancement modeling and model analysis
	3.3.1 COD model
	3.3.2 TSS model
	3.3.3 VSS model

	3.4 Model generated results
	3.5 Interactional effects of operational parameters on %COD removal
	3.5.1 Interactional effect of temperature and OLR
	3.5.2 Interactional effect of temperature and HRT
	3.5.3 The combined effect of temperature and pH
	3.5.4 The combined effect of OLR and HRT
	3.5.5 The combined effect of OLR and pH
	3.5.6 The combined effect of HRT and pH
	3.5.7 Sulfate ion concentration
	3.5.8 VFA to alkalinity ratio


	4 Conclusion
	Author contribution statement
	Declaration of competing interest
	8. Acknowledgement
	Appendix A Supplementary data
	References


