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Abstract: The best possible use of natural resources and the large amounts of trash produced by
industrial and human activity is necessary for sustainable development. Due to the threat of global
climate change and other environmental challenges, waste management systems are changing,
leading to more instances of water resource management. The waste generated must be controlled
from a sustainability point of view. Typically, the conventional disposal of Agricultural Wastewater
(AW) and biomass can be achieved by recycling, reusing, and converting them into a variety of green
products. To improve the AW quality for the purposes of environmental sustainability, Sustainable
Development Goals (SDGs) 6 and 14, dealing with clean water, sanitation, and life below water, are
very important goals. Therefore, the present investigation evaluates the effectiveness of a Bench-scale
Activated Sludge Reactor (BASR) system for AW treatment. The BASR was designed to focus on
getting the maximum possible utilization out of a biosorbent derived from oil palm waste activated
hydrochar (OPAH). This is in accordance with SDG 9, which targets inorganic and organic waste
utilization for added value. An experiment was developed using the Response Surface Methodology
(RSM). A Hydraulic Retention Time (HRT) of 1–3 days was used in the bioreactor’s setup and
operation, and Mixed Liquor Suspended Solids (MLSS) concentrations of 4000–6000 mg/L were used.
BASR was fed with AW with initial mean concentrations of 4486 ± 5.63 mg/L and 6649 ± 3.48 for the
five-day Biochemical Oxygen Demand (BOD5) and Chemical Oxygen Demand (COD) experiments,
respectively. The results obtained showed that maximum reductions of 84.66% and 72.07% were
recorded for BOD5 and COD, respectively. Through RSM optimization, the greatest reductions
in the amounts of organic materials were achieved with a 2-day HRT and an MLSS dosage of
5000 mg/L. Substrate elimination thresholds were assessed using the first-order, the Grau second-
order, and the modified Stover–Kincannon models. The reported observations were found to be
perfectly fit by the modified Stover–Kincannon model, with high R2 values of 0.9908 and 0.9931 for
BOD5 and COD, respectively. As a result, the model may be used to design the BASR system and
forecast how the reactor would behave. The findings from this study suggest that the developed
OPAH has promising potential to be applied as eco-friendly material for the removal of BOD5 and
COD from AW. Consequently, the study findings additionally possess the ability to address SDGs 6,
9, and 14, in order to fulfil the United Nations (UN) goals through 2030.
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1. Introduction

Agricultural wastewater (AW) is the excess water that runs off the field at the bottom
of furrows, boundary strips, basins, and flooded areas during surface irrigation [1]. AW
might also include effluent from plant processing field crops, as well as those for making
processed food, both of which are operated by and for farmers, usually in centralized
facilities. These kinds of plants produce a significant quantity of AW, collected through
properly designed channels and pipes, and deposited either in a pond or a storage tank [2].
AW is one of the biggest contributors to global industrial pollution. Although the source
of the raw materials, and the nature of the products, operations, and processing steps all
have an impact on the composition and quantity of AW, it typically contains a significant
number of organic materials, with high levels of chemical oxygen demand (COD) and total
suspended solids (TSS), which have the potential to result in serious pollution issues [3].
If AW is released untreated into the environment, it will undoubtedly result in serious
environmental issues. Regulations therefore call for the treatment of AW prior to discharge
into the environment. AW treatment is regarded as one of the most difficult areas in en-
vironmental conservation [4,5]. The development of reasonable, integrated, cheap, and
efficient techniques and technologies is a fundamental challenge in AW treatment [6]. A
variety of strategies have been tried for AW treatment, with varying degrees of efficacy.
Physicochemical processes are used to remove organic matter, nutrients, and refractory
materials from AW [7,8]. Numerous methods, including coagulation–flocculation, adsorp-
tion, ion exchange, precipitation, photocatalytic degradation, membrane filtration, solvent
extraction, catalytic oxidation, electrochemical oxidation, etc., have been tried and tested to
remove these organic contaminants from water. However, the primary issue with most of
the above-mentioned solutions is the restriction of the footprint on the current wastewater
treatment plant [9]. Biological methods may be a good choice, but it is impossible to
reach the regulatory limitations of discharge for this effluent with current procedures [10].
Scientists have been paying close attention to the use of combined activated sludge and
biosorption techniques since waste management systems began to change globally owing to
the imminent danger of global climate change and other environmental challenges [11,12].

In recent times, the biosorption method has attracted attention as a remedy for AW [13].
The different biosorbent materials for contaminant removal and resource recovery rang-
ing from but not limited to raw and processed materials such as biochar, pyrochar, and
hydrochar [14]. A growing interest is being shown in using agricultural materials such as
oil palm waste for biosorption during wastewater treatment due to its remarkable chemical
composition, wide availability, affordability, and renewability [15]. These wastes are also
utilized as feedstock in thermochemical processes including hydrothermal carbonization.
As a result, “Hydrochar” is produced, which is a more environmentally friendly biosor-
bent. The redirection of agricultural waste into hydrochar production with very high
contaminant biosorption capacity could add to their value. The optimization of biosorption
parameters needs to be applied. Thus, these optimization techniques pave the way for the
biosorption process to evolve into an intriguing, sustainable, and affordable technology
that produces low by-product levels and high-performance efficiency. The proper use of
the response surface methodology (RSM) could lead to excellent design and optimization
of AW biosorption processes [16]. This tool applies mathematical and statistical modeling
techniques to estimate and optimize essential parameters that influence the biosorption
process under various situations while treating AW [17].

There is indeed insufficient knowledge of the impact of biosorbents on organic matter
removal in combined biosorption and activated sludge treatment systems. Thus, the
objectives of this study are to: (i) synthesize and characterize activated hydrochar produced
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from oil palm wastes (OPAH); (ii) optimize the bioreactor efficiency through RSM by
analyzing the influence of mixed liquor suspended solids (MLSS) and hydraulic retention
time (HRT) on BOD5 and COD removal; (iii) develop kinetic models for the prediction
of BOD5 and COD removal rate; and (iv) determine the microbial community present in
the system.

2. Materials and Methods
2.1. Materials

All the chemicals used in the experiment were of analytical grade and used as received
with no purification required. The 600 L of AW that was used was supplied by a local
palm oil mill agricultural company located in Malaysia. The AW sample was gathered in
a sufficient quantity and preserved in a cold room. Before being employed in the reactor
system, the obtained AW sample underwent characterization. The oil palm empty fruit
bunches (PFB) shown in Figure S1a were acquired from a local company located in the
nearby local market that processes oil palm waste. Before processing, the collected PFB
samples were kept at 4 ◦C. The samples were washed repeatedly with tap water to remove
any adherent contaminants that may have developed during processing. The collected
samples were individually immersed in 1 L/100 g of distilled water for 24 h. The specimens
were then dehydrated in an oven for 24 h at 110 ◦C after being rinsed with 0.5 L/100 g of
acetone. They were then cleaned in deionized water and dried in an oven for 24 h at 105 ◦C.
After drying, the size of the sample was initially reduced to 3–5 mm using a mechanical
granulator. PFB was then ground to a 75 m powder using a mechanical grinder.

2.2. OPAH Biosorbent Preparation

Ten grams of dry PFB powder and 400 mL of ultrapure water were added to a stainless-
steel reactor to produce the hydrochar shown in Figure S1b. The reactor was then heated to
150 ◦C and kept there for 8 h. After that, the reactor was cooled to ambient temperature
before the hydrochar was thoroughly washed and dried for 12 h at 80 ◦C [18]. Apart
from using 0.1 M of potassium hydroxide (KOH) solution in place of ultra-pure water,
the process for producing activated hydrochar was essentially the same as that described
above. The specimen was stored for a full day. After reaching a neutral pH, the activated
adsorbent was rinsed with distilled water, tested with a digital pH meter, and dried at
110 oC. The pure hydrochar and the KOH-activated hydrochar had solid yields of 63 and
81%, respectively.

2.3. OPAH Characterization

The KBr pellet method [19] was utilized to assess the materials using a Varian 3100
Fourier-transform infrared (FTIR) spectroscope of the type (NICOLET iS10, Thermo Sci-
entific, Waltham, MA, USA). Ni-filtered Cu K radiation with a graphite monochromator
(λ = 1.5406 Å) at an angle 2 of 0–80◦ was used to determine the mineral composition and
crystallinity of the biosorbent. Field emission scanning electron microscopy (FESEM) of
the OPAH was performed on (Carl-Zeiss AG, Oberkochen, Germany). High-resolution
micrographs of the FESEM images were captured at a variety of kx magnifications and
an acceleration voltage of 200 kV. For nitrogen adsorption–desorption studies at 77 K,
the specific surface area and pore size distribution of OPAH were measured on Gemini
VII 2390, USA. The tests for moisture content, greater heating value, ultimate analysis,
and proximal value were performed in accordance with American Society for Testing and
Materials (ASTM) E1755-01, D4809-00, D3176-09, and E871-82, respectively [20–23].

2.4. BASR System Operation

The BASR shown in Figure S2 is a biological reactor made of 5 mm thick acrylic glass.
It comprises an aeration tank, a clarifier, a storage tank for the effluent, and a significant
number of tube diffusers installed. To improve the mixing of the entire liquid volume,
horizontal air tube diffusers were installed at the reactor base to give oxygen in an up-flow
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pattern. Thus, the biomass might receive adequate aeration. A peristaltic pump with a
variable flow rate was also present, for reactor feeding. The goal was to adjust the reactor’s
flowrate as needed. The bottom and top influent and effluent points, respectively, were in
opposing directions. In the trial, baffles were utilized to stop biomass from washing into
the effluent unit. 7.5 L of influent AW was continuously supplied into the 10 L capacity
bioreactor using a peristaltic pump. Temperature, pH, and DO were roughly constant
throughout the tests at T = 24 ± 3 ◦C, pH = 8.02 ± 0.75, DO = 2.0 ± 0.5 mg/L, respectively.
Continuous measurements were made of the BOD5, COD, MLSS, and mixed liquor volatile
suspended solids (MLVSS). To investigate its effect on the management of AW, the BASR
was performed with the inclusion of OPAH. Biomass stabilization was the main goal of
the adaptation period. To achieve this, a maximum of 20 days was sufficient. The second
acclimatization phase, during which the reactor received 2000 mg/L of biosorbent. The
biosorbents were acclimated for ten days.

2.5. BASR Optimization by RSM for BOD5 and COD Removal

RSM is a widely used optimization technique in many industrial processes, including
chemical engineering, wastewater treatment, biotechnology, food chemistry, and mate-
rial science [24]. It provides information on direct, pairwise interaction, and curvilinear
variable impacts on a certain response. It is also a cost-effective method for quantifying
the individual and interaction effects of process parameters, even in the presence of com-
plex interactions, as well as predicting the optimum response parameter values within
the experimental range of investigation [25]. The first step of RSM requires the selection
of the specific design. RSM uses an experimental design to fit a model using the least
squares technique. Analysis of variance (ANOVA) is used to reflect significant quadratic
models and graphically analyze the data to obtained. The range and level of variables are
presented in coded units. The interaction among the considered factors with the response
are mostly shown in three dimensional plots. The coefficient of determination R2 expresses
the correctness and quality of the fit polynomial model, and the Fisher F-test in just the
same application checks its statistical significance. The p value (probability) is used to
choose or reject model terms. The contour plots are created using the impacts of the factors
being researched. The optimum region for maximum contaminant removal, as well as the
maximum biodegradability index could be identified based on the primary characteristics
in the contour plots. Central Composite Design (CCD) is the most popular and applies
proper assumptions to discover a true relationship between the collection of variables.

In this study, the effect of HRT (1-3 days) and MLSS (4000–6000 mg/L) concentration
were investigated as process variables. The design matrix and outcomes produced using
CCD in the experiment are shown in Table 1. The activities of BOD5 and COD removal were
used to evaluate the model’s performance. As a result, a quadratic equation, as defined in
Equations (1) and (2), is used to describe the linear model.

y = f (m) (1)

f (m) = α0 +
z

∑
x=1

αxwx +
z

∑
i=1

z

∑
y ≥ i

αxywxwy + δ (2)

Table 1. BOD5 and COD removal from AW using RSM matrix for optimization.

Independent Variables
Symbol Ranges of Variables and Codes

w −1 0 +1

HYRT (days) wx 1 2 3
MLSS (mg/L) wy 4000 5000 6000
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2.6. Kinetic Study
2.6.1. The First-Order Kinetic Model

Equation (3) can be used to obtain the rate of change in substrate concentration in the
BASR as follows:

Ni − No
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Equation (5) can be produced by integrating Equation (4) and then scaling it:

Ni
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where Sc = second-order removal constant, (1/d).
(Ni − No)/Ni exhibits the efficacy of pollutant removal. It is represented by the sign

z. However, if the second element in the right half of Equation (5) is taken as a constant,
Equation (4):
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2.6.3. The Modified Stover–Kincannon Model

Adopted from the study reported in [28], the updated Stover–Kincannon model is
as follows:

dh
dq

=
P

Mx
(Ni − No) =

Ct

(
PNi
Mx

)
Fy +

(
PNi
Mx

) (7)

Equation (7) will be linearized to produce Equation (8):(
dh
dq

)−1
=

Mx

P(Ni − No)
=

Fy

Ct

(
Mx

PNi

)
+

1
Ct

(8)

where Ct = max. COD and BOD5 removal (g/L d), Fy = saturation constant (g/L d).

By plotting Mx
P(Ni−No)

versus Mx
PNi

, slope = Fy
Ct

, intercept = 1
Ct

.

2.7. Microbial Community Analysis

A small volume of the sample was taken from the aeration tank to be checked under
microscopic lens to see the types of microorganisms exist in the aeration tank. The state
of the microbial population in the activated sludge process will be monitored in detail
as a result.

3. Results and Discussion
3.1. Characteristics of AW

The influent AW was examined physically and chemically. Table 2 shows its character-
istics. It can be observed that the values of both BOD5 and COD are above the standard
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permissible limits. Due to the length of time this project took to complete, both substrates
were collected twice during the experiment: once at the start of the study, and once when
the digester started working at a 3-day HRT. AW and sewage sludge were both examined
when they arrived at the lab.

Table 2. Physico-chemical characterization of AW.

Parameters Values Standard A Standard B

Temperature ◦C 24.3 ± 0.71 40 40
pH 8.04 ± 0.65 6.0–9.0 5.5–9.0

COD (mg/L) 6649 ± 3.48 120 200
BOD5 (mg/L) 4486 ± 5.63 20 50

NH4
+-N (mg/L) 89.32 ± 7.19 10 20

TDS (mg/L) 1047 ± 6.43 200 600
Total phosphorus (mg/L) 291 ± 4.05 10 30

EC (µS cm−1) 1044 ± 1.00 - -
Suspended Solids (mg/L) 387 ± 1.96 50 100

Turbidity (NTU) 349 ± 5.14 1 5
Color (PtCo.) 1572 ± 3.80 ≤100 ≤200

Key: ammonium (NH4
+-N); total dissolved solids (TDS); electrical conductivity (EC); nephelometric turbidity

units (NTU); platinum–cobalt (PtCo).

3.2. Characterization of OPAH

The FESEM image in Figure 1 presents the morphology of the OPAH. The porous
structure remains unchanged following carbonization, implying that pyrolysis does not
significantly alter the structure of the precursor. The loss of water content and organic
compounds due to decomposition could occur, leading to a decrease in mass. The images
show that the surface of OPAH has been chemically functionalized with amine groups,
producing a surface more suitable for base treatment. There is a drastic difference between
the surface textures of OPAH before and after modification. Because of the presence of
lignin and hemicellulose, the morphological appearance of OPAH is noticeable in the
cross-section as consisting of surfaces with hard, cave-like, and even morphologies. The
OPAH has a spongy porous structure, indicating that KOH promotes the formation of pores.
Additionally, after meeting KOH, the biosorbent surface underwent modifications, as can
be seen in the FESEM image, indicating the biosorption of contaminants. Following KOH
treatment, the biosorbent surface appeared smooth and bright, indicating that the intended
metals and functional groups on the surface underwent a physicochemical interaction that
resulted in the development of flake-like deposits.
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The FTIR spectra of the functional groups of the OPAH are presented in Figure 2. The
figure displays peaks that coincide with those already published [29,30]. The OPAH FTIR
spectra exhibit multiple peaks, showing that it is made up of different chemical groups.
The FTIR spectra of the OPAH exhibit decreased peak intensities, indicating that chemical
groups were volatilized during pyrolysis; the results obtained correspond with a reduction
in volatiles in biomass following pyrolysis. The strong and distinct peaks at 3698 cm−1 are
caused by O-H stretching vibration. The peaks at 1627 cm−1 and 1495 cm−1 are attributable
to C-H stretching vibrations. The absorption band corresponds to C=O stretching in the
OPAH pores, as demonstrated by the peak at 1113 cm−1. The presence of C=O and C=C
bonds in the biomass supports the presence of lignin. The material contains the O-H
group, as demonstrated by the strong, broad band at 471 cm−1, which is due to C=C
stretching vibration.
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Figure 2. FTIR of OPAH.

The intense peaks observed at 1035, 961, and 925 cm−1 are caused by asymmetric and
symmetric stretching and bending vibrations of the carboxylate group, which may operate
as adsorption sites for target contaminants. When comparing these spectrum peaks, three
peaks are shifted, and these will always be present for OPAH. Because the peaks were
not compared between OPAH and other waste-derived hydrochars in this research, it is
reasonable that the material arose in the peak of the oxygen-containing functional group, as
the OPAH undergoes oxidation and is decreased by the ferrocene. When compared to other
research, the small number of low-level peaks indicates the successful synthesis of OPAH.

The pH of a substance refers to a value on a numerical scale that is used to determine
how acidic or basic a solution is, with a pH of 7 being neutral. The rate of adsorption is
affected by the pH of the solution from which adsorption occurs. While hydrogen and
hydroxide ions are heavily adsorbed, the pH of the solution influences the adsorption of
other ions. The bulk of colored materials found in the industry are negatively charged;
therefore, carbons will typically yield higher decolorization with increasing acidity of the
solution; nevertheless, the pH of the adsorbent itself is a crucial consideration, since it may
impact the pH of the liquid. The pH values measured are within the permitted range. Among
the most important aspects in boosting the adsorptive power of a hydrochar is porosity. The
porosity of a hydrochar is proportional to its bulk density and specific gravity. The number
of pores in a sample is described by its porosity. As a result, higher porosities improve the
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adsorbent’s adsorption capability. Previous research has shown that the degree of adsorption
increases as the surface area of the adsorbent increases. As a result, finely crushed metals and
porous solids with large surface areas work effectively as adsorbents. The Brunauer–Emmett–
Teller (BET) material surface area analysis and mean pore size, as shown in Table 3, are
774.08 m2/g and 1.192 nm, respectively. The substantially elevated BET value, which can
be seen to possess a Type II nature at elevated relative pressure, shows an abundance of
large-sized meso- and macro-pores that are not filled as saturation approaches.

Table 3. OPAH surface and structural properties.

Parameter pH BET Surface
Area (m2/g)

Total Pore
Volume
(cm3/g)

Average Pore
Radius (Å)

Average Pore
Size (nm)

Values 7.16 774.08 0.489 89.26 1.192

The OPAH chemical make-up is presented in Table 4. Al2O3, SiO2, and Fe2O3 together
make up 60.2% of the OPAH. Cl and CaO were both present in the OPAH, accounting for
0.92% and 7.53%, respectively. As can be observed, SiO2 is the ingredient that makes up the
majority of OPAH. Material carbonization may be the cause of the high content (59.04%)
of this ingredient. Thus, higher contents of SiO2, K2O, CaO, and P2O5 play major roles in
improving biosorption behavior. The OPAH adsorbent maintained the structural integrity
required for the desired application.

Table 4. Chemical composition (wt%) of OPAH.

SiO2 SO3 CaO P2O5 Al2O3 Fe2O3 K2O Rb2O MnO MgO Cl Na2O

59.04 4.24 7.53 5.14 0.48 0.68 20.27 0.17 0.61 0.87 0.92 0.05

Key: silicon dioxide (SiO2), sulfur trioxide (SO3), calcium oxide (CaO), phosphorus pentoxide (P2O5), aluminum
oxide (Al2O3), ferric oxide (Fe2O3), potassium oxide (K2O), rubidium oxide (Rb2O), manganese (II) oxide (MnO),
magnesium oxide (MgO), chlorine (Cl), sodium oxide (Na2O).

The proximate analysis, as shown in Table 5, revealed a low quantity of fixed carbon,
ash, and volatile matter, implying that the particle density is comparatively low, and that
the biomaterial would make a good raw material for bioreactor adsorbents. The ash present
in the OPAH is a non-carbon addition that does not have a chemical relationship with the
carbon surface. It is composed of different undesirable mineral compounds, the concen-
trations of which increase upon activation, ranging from 1 to 20%. A substantial moisture
concentration is detrimental to hydrochar because it decreases carbon’s mechanical strength
and impairs its adsorptive activity. The addition of FC to hydrochar can boost its total
activity. It also improves reactivation capacity; the higher the FC value, the more effectively
the hydrochar will be able to serve as an adsorbent. Organic substances become fragile
because of the heat that occurs during the carbonization and activation processes, leading
molecules to break their bonds and connections [31].

Table 5. The proximate and ultimate analysis for OPAH.

Ultimate and Proximate (wt.%)

Proximate
Fixed Carbon (FC) 9.84

Volatile Matter (VM) 29.40
Ash 60.76

Ultimate
C 67.08
H 4.39
N 8.26
S 0.95
O 19.32

Experimental high heating value (HHV) 3.95 (MJ/kg)
Key: carbon (C), hydrogen (H), nitrogen (N), sulfur (S), oxygen (O).
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Concerning the ultimate analysis for OPAH, also depicted in Table 5, the content
values of carbon are in agreement with those of fixed carbon. There are some reports based
on ultimate analysis for other kinds of materials. The difference between those results and
those reported in this study could be due to the great difference between the properties of
materials used as adsorbents and those of wastewater types.

3.3. BOD5 and COD Removal

In this investigation, we examined how different HRT and MLSS concentrations
affected the BASR’s ability to remove BOD5 and COD. The operational HRT was reduced
over time from three days to two days to one day. The MLSS and MLVSS values at each
HRT are listed in Table 6, as well as the operational length of the bioreactors, which ranged
from 0 to 224 days. The bacteria incorporated in the biomass acclimated to the environment
once the reactor was run up to a significantly stable state. The amounts of AW in the
influent and effluent are also highlighted in Table 6. At the beginning of the experiment, it
was noticeable that the reactor ran for 0 to 45 days.

Table 6. Steady-state conditions at three different HRTs.

Parameters
HRT (d)

3 3 3 2 2 2 1 1 1

Operational period (d) 0–45 46–70 71–97 98–122 123–143 144–160 161–186 187–210 211–231
Influent BOD5 (mg/L) 4169 4293 4413 4029 4300 4365 4281 4220 4327
Effluent BOD5 (mg/L) 135 157 161 143 142 138 139 164 171
Influent COD (mg/L) 6025 6057 6084 6105 6067 6020 6023 6069 6103
Effluent COD (mg/L) 197 176 179 137 145 143 196 189 183

MLVSS (mg/L) 3139 3460 3231 2982 3405 3295 3358 3559 3735

Acclimatization took place over the first 15 days, and the 3-day HRT phase was
administered over the following 30 days. In the BASR, microorganisms are immobilized
on an inert support to reduce loss of biomass and increase bacterial activity. To assess the
effectiveness of an industrial WWTP, BOD5 and COD are essential metrics. To guarantee
that the effluent of the WWTP complies with the discharge requirements, all WWTP must
be designed in accordance with the desirable range of raw influent BOD5 and COD [32,33].
In accordance with discharge standards A and B, as highlighted earlier in Table 2, it is
shown in Table 6 that the COD influent and effluent for BASR systems are relatively steady,
with an elevated COD removal effectiveness.

As can be seen from Table 6, the 2-day HRT had the lowest values of effluent COD, at
137, 145, and 143 mg/L, respectively. This implies that the removal efficiencies were higher
than those attained during the 1-day and 3-day HRTs. Treatment using an upflow anaerobic
sludge blanket (UASB) led to 75% COD removal using sugarcane bagasse, while paddy
straw resulted in 90% COD reduction. Nevertheless, some inhibitory compounds remaining
in the solution following pH adjustment necessitate dilution prior to treatment. Another
study also found similar COD removal efficiencies greater than 90% across three seasons
in a UASB plant handling industrial effluent. With 85% COD removal effectiveness at a
loading of 30 kg COD/m3d, the mesophilically produced sludge used in UASB as a seeding
material enables rapid startup and steady operation. In [34], thermophilic sludge was
grown on sucrose for four months. After adaptation, the system was capable of handling
large COD loadings (91.2 kg/m3d), and the effectiveness of COD removal was 71%. A
thermophilic UASB reactor was used in another investigation that showed COD removal
of 42–69% and over 80% BOD removal. The findings indicated a significant concentration
of refractile chemicals in wastewater, which in turn had a negative effect on the microbial
community in the sludge granules.

The content of BOD5 measured in the influent and effluent fractions are shown in
Table 6. The treatment with activated sludge decreased BOD5 content by 84.66%. The
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decrease was determined using the BOD5 values of chemically measured sieved sample
data. The chemicals may have been reduced to a more bioavailable state during filtering
under high pressure, which could be one explanation for the significant degree of BOD5
removal. Following filtration, the samples used for the BOD5 tests were promptly frozen.
Regarding the influent sample, the impact of freezing was examined. It seems likely that
freezing altered the sample’s makeup and made it easier for bacteria to break it down.
The impact of HRT on the BOD5 readings revealed the existence of inhibitory compounds.
The removal of chemicals harmful to bacteria is one probable rationale for the elevated
levels of BOD5 [35]. Heavy metals, cyanide, certain waste organics, and aluminum are toxic
substances known to inhibit biological activity enough. Wood extracts may not only be
harmful to aquatic life but may also limit biomass growth. Spikes in the concentration of
resin acid can have an impact on the viability of biomass. Since the effluent is diluted many
times before entering the water system, it is possible that there will be a corresponding
increase in the BOD. Thus, the amount of oxygen consumed by natural water due to
the effluent may be much greater than previously believed. In other words, if BOD5 is
calculated in the presence of bacterially hazardous chemicals, the BOD5 values obtained
will be far too low.

3.4. BASR Optimization by RSM
3.4.1. RSM Fitting

To investigate the interaction of the HRT and MLSS parameters, to forecast the optimal
operating conditions and their impact on response, i.e., BOD5 and COD removal, quadratic
model equations generated by RSM were developed, as shown by Equations (9) and (10).

BOD5 removal (%) = + 81.63 + 5.08A − 1.70B − 4.27AB − 5.24A2 − 5.57B2 (9)

COD removal (%) = + 68.03 + 2.80A − 1.61B − 1.17AB − 5.24A2 + 0.1774B2 (10)

where A and B represent HRT and MLSS, respectively.
In Equations (9) and (10), the positive sign denotes a positive relationship between

the component and adsorption capacity, whereas a negative sign denotes an antagonistic
impact [36]. Real-world investigations were carried out under optimal conditions, and
BOD5 and COD removals were contrasted with projected values. BOD5 and COD error
percentages were 2.5% and 2%, respectively. In the scenario of tests involving biosorption
parameters, it has been claimed that an error percentage of less than 10% is acceptable [17].

The coefficient estimates for BOD5 and COD removals in the BASR system, as depicted
in Table 7, show the anticipated change in the reaction for each unit change in the factor
value, while all other variables remain unchanged.

Table 7. Coefficients for the responses expressed as coded factors.

Factor
BOD5 COD

Coefficient
Estimate df Standard

Error
95% Cl

Low
95% Cl
High VIF Coefficient

Estimate df Standard
Error

95% Cl
Low

95% Cl
High VIF

Intercept 81.63 1 1.78 77.06 86.21 68.03 1 2.76 60.94 75.12
A-HRT 5.08 1 1.42 1.44 8.72 1.0000 2.80 1 2.19 −2.84 8.45 1.0000
B-MLSS −1.70 1 1.42 −5.34 1.94 1.0000 −1.61 1 2.19 −7.25 4.03 1.0000

AB −4.27 1 1.73 −8.73 0.1889 1.0000 −1.17 1 2.69 −8.08 5.74 1.0000
A2 −5.24 1 2.18 −10.84 0.3613 1.08 −5.24 1 3.38 −13.92 3.44 1.08
B2 −5.57 1 2.18 −11.17 0.0313 1.08 0.1774 1 3.38 −8.50 8.86 1.08

3.4.2. Surface Plots

To demonstrate the relationship involving every factor (HRT and MLSS) and the
response, we also examined the impact caused by factor interactions when the other factors
were kept constant [37]. Figure 3a–d depicts the use of the 3D surface and contour plots.
Figure 3 shows the 3D plots of the association between HRT and MLSS on the elimination
of BOD5 and COD, whereas OPAH dosage was chosen as an actual factor (2 g/L) in
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RSM. HRT was discovered to be the most important element in the lowering of BOD5 and
COD [38]. In Figure 3, the point of prediction revealed the maximum and minimum points
for optimization within the experimental regions. The fitted response curve depicts the
real surface of effect on the elimination of BOD5 and COD [39]. The plot suggests that the
optimal range of HRT administration might be within 1–2 days, with increased elimination
at lower HRT [40]. Similarly, the MLSS range of 5000 mg/L was determined to be the best,
despite its continually increasing. OPAH was found to be a successful biosorbent, with
removal rates of 84.66% for BOD5 and 72.07% for COD. The response peaks in Figure 3
indicate that the best circumstances for maximal response values in the design space are
largely dependent on HRT and MLSS time [41,42].

Agriculture 2023, 13, x FOR PEER REVIEW  12  of  24 
 

 

indicate that the best circumstances for maximal response values in the design space are 

largely dependent on HRT and MLSS time [41,42]. 

 
Figure 3. The contour and 3D plots for (a,b) BOD5 removal (c,d) COD removal from the BASR. 

3.4.3. Normal Residuals and Predicted versus Actual Plots of BASR System 

The RSM output was utilized to verify the normality of the residuals, in addition to 

the expected and actual responses, as shown in Figure 4a–d. The anticipated and experi-

mental outcomes were plotted to acquire a clearer idea of the models’ prediction power 

[8]. The normal and residual capacities (Figure 4a,c) for BOD5 and COD, respectively, were 

found to be in good agreement with each other, along with the actual and predicted bio-

sorption capacities (Figure 4b,d). As can be seen, the two models were in good agreement 

with the experimental results. The BOD5 and COD equation models were found to be suit-

able for use  in  this study. The quadratic model was  found  to be suitable, and  the data 

points grouped together around the straight line, demonstrating a significant link between 

the experimental and predicted adsorption capacities. 

Figure 3. The contour and 3D plots for (a,b) BOD5 removal (c,d) COD removal from the BASR.

3.4.3. Normal Residuals and Predicted versus Actual Plots of BASR System

The RSM output was utilized to verify the normality of the residuals, in addition to the
expected and actual responses, as shown in Figure 4a–d. The anticipated and experimental
outcomes were plotted to acquire a clearer idea of the models’ prediction power [8]. The
normal and residual capacities (Figure 4a,c) for BOD5 and COD, respectively, were found
to be in good agreement with each other, along with the actual and predicted biosorption
capacities (Figure 4b,d). As can be seen, the two models were in good agreement with
the experimental results. The BOD5 and COD equation models were found to be suitable
for use in this study. The quadratic model was found to be suitable, and the data points
grouped together around the straight line, demonstrating a significant link between the
experimental and predicted adsorption capacities.
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(c,d) COD removal.

3.4.4. ANOVA

ANOVA analysis was used to analyze the response surface of the quadratic model and
to determine the model significance in addition to the individual terms engaged in terms of
their p-values [43]. Fisher’s test was used to determine the significance of each factor (HRT
and MLSS) and their interactions. Table 8 summarizes the findings. For both responses, the
p-values were lower than the F-values and <0.05. This implies that both response prediction
models are significant. As a result, it can be concluded that the model is able to fit the
experimental data well, and that there is a connection among the variables and the BOD5
and COD biosorption capacity. The model’s F-values of 7.44 and 0.98 for BOD5 and COD,
respectively, indicate that the model is significant, with a mere 2.30% and 50.79% likelihood
of this F-value occurring due to noise. As a result, the high F-value and low Prob > F value
of 0.0001 indicate the significance of Fisher’s variance ratio, as well as confirming that the
quadratic model possesses a high degree of fitness [44]. The ANOVA results provided the
quadratic prediction models with a 95% confidence level for the elimination of BOD5 and
COD. In broad terms, lack of fit measures the likelihood that a model’s projected value
will fail to correspond to the actual value. As a result, if the model matches the data well,
the lack of fit test will be insignificant. As shown in Table 8, no model had a substantial
lack of fit for both BOD5 (0.7512) and COD (0.4855) deletions. As a result, the ANOVA
findings indicate that there is only a 0.01% probability that the F-values of the models will
be significant due to noise. As a result, the lack of fit for the current system is negligible.
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Table 8. Analysis of variance by RSM for BOD5 and COD removal.

BOD5 COD

Sum of
Squares df Mean

Square F-Value p-Value Sum of
Squares df Mean

Square F-Value p-Value

Model 447.45 5 89.49 7.44 0.0230 significant 141.79 5 28.36 0.9817 0.0579 significant
A-HRT 155.04 1 155.04 12.88 0.0157 47.21 1 47.21 1.63 0.0272
B-MLSS 17.41 1 17.41 1.45 0.2829 15.55 1 15.55 0.5384 0.4960

AB 72.93 1 72.93 6.06 0.0571 5.48 1 5.48 0.1896 0.6814
A2 69.60 1 69.60 5.78 0.0613 69.50 1 69.50 2.41 0.1816
B2 78.64 1 78.64 6.53 0.0509 0.0797 1 0.0797 0.0028 0.9601

Residual 60.18 5 12.04 144.43 5 28.89
Lack of

Fit 23.81 3 7.94 0.4364 0.7512 not
significant 92.73 3 30.91 1.20 0.4855 not

significant
Pure
Error 36.37 2 18.18 51.70 2 25.85

Cor
Total 507.63 10 286.22 10

3.4.5. Comparison and Fit Statistics

The quadratic model produced good statistical fit findings. Table 9 shows the appropri-
ate precision ratios when comparing experimental values to anticipated values computed
by the models. The suitable precision ratios of 2.5426 for BOD5 and 7.3012 for COD for both
models suggest that the models were appropriate for efficiently navigating the design space.
Furthermore, the coefficients of variation (CV) for BOD5 and COD removals were 8.23%
and 4.58% (both 10%), indicating that the fitted models were dependable and precise. The
coefficient of determination (R2), which evaluates the entire variation of predicted values
to the mean, explains the general importance of each model in the present research. The
coefficient of determination ought to be approximately 1 for models with strong prediction
efficiency. Nevertheless, the effectiveness of a model cannot be determined only based on
the coefficient of determination, because the value of R2 increases with the total number of
terms in the model independent of its statistical significance. The anticipated and modified
R2 values have a good correlation, while the Adeq precision for measuring the signal to
noise ratio is excellent. In this study, the noise levels were 75.12% and 48.55% for BOD5 and
COD, respectively. The R2 values in Table 9 indicate a high prediction efficiency for BOD5
and COD elimination. To measure the predictive importance of the models, the value was
compared to the modified R2 value. BOD5 and COD possessed R2 and adjusted R2 values
of 0.4954 and 0.0092 and 0.8815 and 0.7629, respectively. These values are not far apart,
implying that the model is suitable for explaining the correlation between the response and
the inputs. Consequently, these data suggest that the quadratic model projected is in rea-
sonable agreement with the experimental responses and can therefore be used. Considering
these findings, it is possible to draw the conclusion that the model accurately represents
the optimization of the removal of BOD5 and COD from OPAH. A separate investigation
delving into the removal of COD using CCD found comparable results.

Table 9. Fit statistics.

Std. Dev. Mean C.V.% R2 Adjusted R2 Predicted R2 Adeq
Precision

BOD5 5.37 65.27 8.23 0.4954 0.0092 0.6415 2.5426
COD 3.47 75.73 4.58 0.8815 0.7629 0.4023 7.3012

Table 10 contains a description of the statistics adopted for the model comparison. The
coefficient assessment of the variables and the effect of the variance inflation factor (VIF)
were further investigated using variance analysis.
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Table 10. Model comparison statistics.

PRESS −2 Log
Likelihood BIC AICc

BOD5 294.81 42.64 59.32 82.91
COD 756.04 59.54 73.93 92.54

3.4.6. Actual Factors and the Studentized Residuals

In Figure 5a, the plot of normal probability vs. Studentized residuals for BOD5 and
COD removal in the BASR reactor displays a linear trend, indicating the error distribution.
As a result, according to the reaction parameters, the model can be deemed to correctly
anticipate the reactions. Figure 5b, conversely, shows the plot of the anticipated value,
indicating the suitability of the model and suitable data dispersion.
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The biosorption performance of OPAH is significantly impacted by all treatment
parameters [45]. The response for a specific quantity of each factor can be forecast using
the contents of Table 11, which represents the actual factors for BOD5 and COD removals
in the BASR reactor.

Table 11. The final equation in terms of actual factors.

BOD5 Removal = COD Removal =

−122.97316 +42.25474
+47.39965 HRT +29.60553 HRT
+0.062552 MLSS −0.001044 MLSS
−0.004270 HRT × MLSS −0.001170 HRT × MLSS
−5.24158 HRT2 −5.23763 HRT2

−19. 57158 MLSS2 −13.07368 MLSS2

3.4.7. The Optimization Ramp and Desirability

Desirability charts and numerical ramps are the best tools for showcasing the optimal
effluent treatment process, one of the key outcomes of RSM research. In this study, under
ideal conditions, the results showed an optimal cumulative desirability of 68.8%, as shown
in Figure 6a. The final stage in this inquiry was to use a numerical algorithm to discover the
best solution. To optimize the response factors, numerical optimization ramps were utilized
to acquire the best HRT and MLSS. Prospective targets were established to maximize the
answers. Whereas a five-pluses method necessitates one goal being essential, all goals in
this inquiry were equally significant; hence, the goal priority was determined to be three
(3) pluses. Figure 6b shows that under ideal process conditions, the HRT was 1.885.35 d
and MLSS was 4665.09 mg/L. The optimization ramp for the HRT and MLSS concentration
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shows how desirable the dependent variables are [46]. According to the Design Expert
software, version 13, the best values for BOD5 and COD rates of removal were 80.76% and
68.15%, respectively.
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3.5. Biokinetic Models
3.5.1. First-Order Model

The first-order kinetic constant (C1) for BOD5 and COD removal in the bioreactor
designs was determined in this study. Figure 7a,b display the experimental values for the
(Ni − No)/
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Equation (7) will be linearized to produce Equation (8):   
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where  𝐶   = max. COD and BOD5 removal (g/L d), Fy = saturation constant (g/L d). 

against No terms. The effluents in the BASR had R2 of 0.05533 and 0.09313 for
BOD5 and COD, respectively. The decreased R2 values indicate that removal of first-order
contaminants is less likely to occur following BOD5 and COD removal in the bioreactors.
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This outcome demonstrates that the first-order kinetics coefficients derived were incapable
of being fitted precisely. These results clearly imply that the first-order model may not fully
or adequately capture the dynamics of the bioreactor [47]. The B1 in this study was a key
factor when assessing the rate at which the concentrations of BOD5 and COD decrease
with time. The values of B1 for BOD5 and COD removal in the bioreactor were computed
and determined to be 5.1438 per day and 4.3520 per day, respectively, based on a best-fit
straight line for all starting concentrations. The B1 value in first-order kinetics was small.
It was found that the whole biomass concentration in the bioreactors varied from 8.03 to
9.11 g VSS/L on average.
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In the study reported in [27], wherein the height of the anaerobic reactors was adjusted
from 0 to 160 cm, it was stated that no good determination coefficients were obtained
using the first-order models (R2 = 0.3). Nevertheless, when operated with an OLR of
5.28 kg m−3 d−1 and an HRT of 2.13 days, the reactor showed a median rate of removal of
78%. The removal kinetics was utilized for the SBR in steady states in [47]. According to the
calculations, the first-order kinetic constants (B1) for SBR1 and SBR2 were found to be 49.03
and 46.55 per day, respectively (y = 61.09 × 2.17 and R2 = 0.9512 and y = 49.68 × 2.50 and
R2 = 0.9421 for the first- and second-batch reactors, respectively). The SRT of <4 d indicated
that the first-order model was also appropriate, despite the Grau second-order model
providing a superior description of substrate consumption, according to experimental data
for wastewater treatment. In a related study, the first-order model of the bioreactor A
showed that B1 decreased with increasing beginning pollutant content. It was clear from
the decreasing B1 rate that the rate of pollutant removal was also declining.

3.5.2. The Grau Second-Order Model

By measuring the interconnection between
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ʯ
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slope of the trend line are represented by j and k, respectively. The findings indicate that 

, as illustrated in Figure 8,
a linear trend line can be utilized to calculate the kinetic parameters (j and k) that are
employed in the Grau second-order model. Every line’s slope and intercept are employed
to demonstrate to what extent r and s is present in each line, respectively. The intercept and
slope of the trend line are represented by j and k, respectively. The findings indicate that
the values for j and k that correspond to the elimination of BOD5 are, respectively, 0.073
and 1.49. For COD elimination, the comparable values are 0.058 and 1.32, respectively. The
findings of this investigation support the values of j (0.053) and k (1.067) published in a
different study [28]. The COD effluent concentration (No) from the BASR could be utilized
to forecast process efficiency using these values for j and k. The s coefficient increases with
increasing concentration; however, the j value has the reverse effect, according to the data.
Consequently, the most favorable correlation coefficient values for BOD5 and COD were
obtained as R2 = 0.94041 and R2 = 0.94278, respectively.
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The Grau second-order kinetic model was used to determine the projected BOD5 and
COD concentrations in the effluent. It was found that for several days, the projected values
diverged marginally from the experimental data, with the expected values being higher.
The excessive and varying influent BOD5 and COD concentrations fed into the reactor may
have contributed to the significant variation among the experimental data and predictions
between days 88 and 169, leading to an operational shortcoming [48]. Furthermore, the high
OLRs of the influent had the potential to have increased head losses to the system, which
could have contributed to the resulting high degree of variation among the predicted and
experimental BOD5 and COD values. These operational shortcomings were not considered
in the Grau second-order model. The head losses to the system are caused by the particles
building up on the pea gravel, which could choke the underdrain system.

Given each unit of microbe, the Sc in the unit of time reflects substrate removal. The
value of Sc depends on the amounts of biomass and BOD5 and COD in the influent of the
reactor, and it increases with increasing substrate removal efficiency. The second-order
model used in this work obtained constant value for Sc that were calculated to be 0.508 per
day and 0.691 per day for BOD5 and COD, respectively. The outcomes associated with this
model are in line with the data for the removal of BOD5 and COD. The model predicted
that the substrate removal constant found fit to the spectrum of Sc values reported in other
investigations. The features of the wastewater and the prevalent microorganisms in the
granular sludge, however, may be the cause of the discrepancy in the values of the kinetic
constants determined in this study in comparison with certain other studies.

3.5.3. The Modified Stover–Kincannon Kinetic Model

The constructed bioreactors in this study’s kinetic reaction were also examined using
the modified Stover–Kincannon model. The received experimental data were analyzed
using the linearized model to find the values of the kinetic parameters [40]. The slope and
intercept are comparable to the maximum rate of BOD5 and COD elimination (Ct) and
the saturation constant (Fy), respectively. The maximal amount of BOD5 and COD that
can be removed by organisms over time and the amount of BOD5 and COD that can be
removed by microorganisms over time are denoted by the constants Fy and Ct, respectively.
When figuring out the reactor volume for various wastewater and flow rates, Fy and Ct

play crucial roles [12]. Plotting Mx
P(Ni−No)

against Mx
PNi

yielded the kinetic parameters Ct and

Fy. The gradient is represented by Fy
Ct

, while the intercept of the trend line is represented by
1
Ct

. The Stover model for BOD5 and COD removal from AW in the bioreactor is shown in
Figure 9a,b. The Ct values for BASR were 51.3 g/L.d and 56.5 g/L.d for BOD5 and COD
removal, respectively. The measured Ct and Fy values in the bioreactor system showed that
the bioreactor had a higher utilization rate than certain alternative treatment systems [6].
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In general, it has been found that reactors exhibit greater kinetic constant parameters
when treating easily biodegradable substrates, whereas more complicated and refractory
components in the influent wastewater result in lower constant values. The high Ct and
Fy results in this study demonstrate that the aerated submerged fixed-film bioreactor was
highly capable of treating wastewater with high solubility levels [26]. To be more precise,
it was demonstrated that the Stover model provides the greatest fit for the collected data.
With the use of this model, precise estimates of biodegradable organic elimination could be
established. The strong correlation coefficients required were attained. The results of this
investigation demonstrated the excellent precision and usability of the hybrid bioreactor.
Regarding pilot and large commercial applications, the kinetic correlations of the model
might be utilized to predict the reactor volume and efficiency.

The kinetic constants for substrate removal provided in the literature review noted in
Table 12 are contrasted with the values discovered here. Numerous scientists have used different
substrates and reactors, and they have produced variable results in terms of kinetic constant
values. After investigating the regression and biokinetic coefficients, the modified Stover–
Kincannon and Grau second-order models offered a better description of the biokinetics of
BOD5 and COD removal. Although the microbial population in the reactor increased, the values
of Sc significantly decreased as HRT decreased. The variation in the mean kinetic constants in
different studies indicates that a variety of variables, including substrate concentration, substrate
type, reactor configuration, operational circumstances, and the presence of microbial consortia,
can significantly affect the values of kinetic coefficients.

Table 12. The biokinetic constants for BOD5 and COD removal in bioreactors treating different
agricultural wastewater.

BOD5

Wastewater Reactor Type

Kinetic Model

Ref.First-Order Grau Second-Order Modified
Stover–Kincannon

B1 (1/d) R2 j k Sc (1/d) Ct (g/L/d) Fy (g/L/d)

Poultry industry
effluent

Static Granular Bed
Reactor (SGBR) 0.425 0.9967 0.939 0.9619 76.4 8.05 5.19 [48]

Fertilizer industry
wastewater

Sequencing Batch
Reactor (SBR) 1.6 0.38 0.35 2.1 4.06 0.0627 0.0574 [47]

Paper and pulp
wastewater Column-SBR 1.334 0.802 1.214 0.945 0.0243 0.305 0.209 [49]

Olive oil industry
wastewater SBR 0.6148 0.9856 49.51 3.715 0.0872 0.0069 0.0871 [50]

Palm oil mill effluent
Activated sludge
bioreactor system

(ASBS)
0.077 0.6913 10.372 0.592 13.9 0.007 0.0628 [51]

AW Bench-scale activated
sludge reactor (BASR) 5.1438 0.5533 0.073 1.49 0.508 51.3 49.11 This

study
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Table 12. Cont.

BOD5

Wastewater Reactor Type

Kinetic Model

Ref.First-Order Grau Second-Order Modified
Stover–Kincannon

B1 (1/d) R2 j k Sc (1/d) Ct (g/L/d) Fy (g/L/d)

COD

Winery industry
wastewater

Integrated fixed
activated sludge

(IFAS)
87.2 0.59 0.053 0.778 0.384 47.8 62.6 [52]

Pulp and paper
industry wastewater Anerobic-MBBR 1.7 0.66 1.1 1.6 1.57 0.0203 0.0192 [53]

Dairy industry Moving bed biofilm
reactor (MBBR) 0.948 0.973 0.506 0.841 2.513 427 446 [54]

Sugar-industry
effluent MBBR 56.31 0.9742 0.9852 0.048 0.9852 37.61 40.8 [55]

POME SBR 81.7 0.69 0.0852 0.773 0.38 63.7 64.0 [56]

AW BASR 4.3520 0.0931 0.058 1.32 0.691 56.5 50.81 This
study

3.6. Microbial Observation

A microscopic analysis was conducted to determine the presence of microorganisms
in the activated sludge reactor. Based on the analysis, the presence of rotifers was found,
and they were classified with respect to their microscopic morphology [1]. A visualization
of the rotifers in the reactor is presented in Figure S3. The presence of Rotifers in the reactor
proves that the reactor is in the pin floc zone. This also indicates that the reactor is running
at a high Solid Retention Time (SRT) with a low Food-to-Microorganism (F/M) ratio. There
were two types of microorganism found inside the aeration tank: rotifers and oocysts. Figure
S3 shows that the sample contained Phylum rotifera, which is commonly found in freshwater.
However, the presence of the rotifer in the wastewater reveals that the bench scale reactor
has a sludge age value. Most rotifers are free-living organisms that can be easily found in
numerous environments. These types do not cause any harm, and act as food for other
predator organisms [42]. However, a few species of rotifer have been shown to be parasitic
towards marine organisms and can cause harm to their host. Nevertheless, there are no
reports stating parasitic rotifers have any effects on human beings.

Oocysts, as depicted in Figure S4, are disease-causing microorganisms that can mainly
be found in the excrement of people infected with parasites such as Cyclospora and Cryp-
tosporidium. This infection is caused by the consumption of contaminated water [57]. This
microorganism may cause visible symptoms such as diarrhea, stomach cramps, nausea, and
severe vomiting. This microorganism is commonly found in wastewater and has become a
problem because the chlorination technique is ineffective at killing them.

4. Conclusions

In this study, the effectiveness of using OPAH as a biosorbent in a BASR system for
the treatment of AW was evaluated. The process was optimized using RSM by setting the
MLSS concentrations at 4000, 5000, and 6000 mg/L and the reactor running at 1–3 days
HRT. The effectiveness of the treatment procedure was assessed based on the quantity of
BOD5, and COD removal. The results obtained demonstrated that the largest reductions in
BOD5 and COD were 84.66% and 72.07%, respectively. The greatest reductions in organic
matter were accomplished with a 2-day HRT and an MLSS concentration of 5000 mg/L. The
BASR good removal efficiency could be attributed to the availability of sufficient ammonia
oxidizing bacteria (AOB) substrates during a longer retention period. The specified and
response models for p-values < 5%, as well as the quadratic models, were demonstrated to
be significant during RSM optimization. The study also examined the various processes
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using three different biokinetic models and proved the modified Stover–Kincannon to
be the best, with high R2 values of 0.9908 and 0.9931 being attained for BOD5 and COD,
respectively. Therefore, in this study, it is concluded that using agricultural waste materials
to develop a biosorbent has the potential to be an inventive way of removing BOD5 and
COD from AW.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agriculture13081531/s1, Figure S1: (a) Palm oil fruit bunches
(PFB); (b) Oil palm activated hydrochar (OPAH); Figure S2: Schematic diagram of BASR set-up;
Figure S3: Images of Rotifer captured through microscope; Figure S4: Image of Oocyst captured
through microscope.
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