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Abstract: The conventional disposal of green straws through burning can be eliminated in a biore-
finery that converts them into a range of sustainable commercial products. However, this leads
to the generation of green straw biorefinery effluent (GSBE). Green straw biorefineries discharge
wastewater into the ecosystem that contains high concentrations of COD and NH4

+−N. It is one of
the most notable sources of visual pollution and disruption of aquatic life as well as public health
that requires treatment prior to discharge. To improve the GSBE quality for environmental sustain-
ability, the attainment of sustainable development goals 6, 9, and 14, “clean water and sanitation”,
“inorganic and organic waste utilization for added values from material”, and “life below water” is
very important. Therefore, the effectiveness of the continuous mode activated sludge (CMAS) system
and the biocomposite-based–continuous mode activated sludge (SB-CMAS) system in the treatment
of GSBE was investigated in this study. Response surface methodology (RSM) was used to optimize
the process variables. At their optimized conditions, the performances of CMAS and SB-CMAS were
analyzed in terms of COD and NH4

+−N. Findings showed 81.21% and 95.50% COD and 78.31% and
87.34% NH4

+−N reduction in concentration for CMAS and SB-CMAS, respectively. The high COD
and NH4

+−N removal efficiencies indicate the better performance of CMAS and SB-CMAS. The first-
and second-order models and the modified Stover–Kincannon biokinetic models were utilized to
analyze substrate removal rates. It was discovered that the modified Stover models were ideal for
the measured data with R2 values 0.99646 and 0.91236 attained for COD and NH4

+−N, respectively,
in CMAS. The SB-CMAS had 0.99932 and 0.99533 for COD and NH4

+−N, respectively. Maximum
contaminant elimination was attained at 60% GSBE and 2-day HRT. Thus, to achieve the UN SDGs
for 2030, findings from this study have the potential to answer goals 6, 9, and 14.

Keywords: alum sludge; biochar; biocomposite; chemical oxygen demand; green straw biorefinery
effluent; mesocarp fiber
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1. Introduction

Globally, respiratory issues affect a large population of persons in adjacent towns
and villages. The haze can sometimes totally obscure the sun. Every year, the country is
blanketed by haze that lasts for months. These are mostly caused by the burning of rice
straw by farmers. To avert these, an agro-waste pulp and paper packaging material company
uses the rice straw as a raw material. These give rise to green straw biorefinery effluent
(GSBE) production [1]. This reduces climate change impacts, as well as sustainable technologies,
biotechnology, green technology strategies, and makes compostable packaging products from
waste rice straw using the circular economy model. One of the largest freshwater consumers in
the world, green straw biorefineries produce an enormous amount of wastewater [2].

Biorefinery categorization can be divided into four categories: namely, thermochemi-
cal/biotechnology biorefinery processes, products, and intermediates and raw materials.
Significantly, the handling techniques can be divided into primary and secondary refining.
The primary refining procedure requires biomass pretreatment and isolation of usable
intermediates, whereas secondary refining encompasses chemical or biological conversion
of intermediates to semifinished or completed products. To produce paper packaging
materials, cellulose fiber materials from rice straw, rice husks, and papaya latex are isolated
and removed by breaking down the complex cellulose into its simplest form. The pulp is
then combined with latex taken from immature papaya skins, removed without harming
the fruit, and lastly, molded into packaging products. When the protease serene enzymes
in papaya latex are exposed to humidity, they quickly decompose into compost. The
production process is in line with the USA Cleantech Open, USA Global Environmental
Foundation (GEF) and inspired by United Nations (UNIDO) Global Cleantech Innovation
Programmes. It is also environmentally friendly and gives rice farmers a new lease of
life by converting their rice trash into riches and enabling them to potentially receive an
additional 20% increase in annual revenue. This aids in increasing farmer income, reducing
plastic waste in society, lowering CO2 emissions, and meeting SDG goals.

During the production stages of pulping, bleaching, and washing, untreated GSBE is
frequently produced. This wastewater is classed as complex organic-rich effluent and is
produced in enormous quantities. It may contain harmful chemicals [3]. The existence of
bleaching chlorides, as well as organic and nutritional content, distinguishes GSBE. GSBE’s
direct release has the potential to harm the environment. In the discharged GSBE, excess
nutrients and biodegradable organics can reduce dissolved oxygen levels and promote
the growth of slime and scum in neighboring waterbodies. To avoid this, it is typically
necessary to construct advanced treatment systems in order to comply with environmental
discharge laws [4]. Owing to the availability of complex residual organic matter in the
treated effluents, green straw biorefineries are now dealing with a variety of problems
while treating and reusing effluents. It is necessary to treat the leftover organic debris that
contains possibly harmful chlorinated chemicals [5]. Therefore, adopting a sustainable
GSBE treatment is highly significant for both economic and environmental sustainability.
Several treatment techniques have previously been suggested as efficient strategies to
remove phenolic chemicals from wastewater [6]. The issues that underlie physicochemical
treatments are those that are connected to cost and reliability. The electrochemical treatment
is effective in the elimination of recalcitrant contaminants. However, its adoption was
limited due to its high energy consumption. Coagulation and precipitation result in a thick
sludge that is extremely challenging to dewater. The pH must be readjusted to neutral
before discharge since optimal therapy typically requires an extreme pH range [7]. Ozone
and hydrogen peroxide-based oxidation are expensive, and chlorine-based oxidation results
in the production of secondary contaminants including chlorinated organics. Pretreatment
and a substantial capital expenditure are needed for the membrane procedures. Another
issue with the membrane approach is membrane fouling. Biotechnological techniques have
the potential to lessen the drawbacks of physicochemical techniques [3]. To that effect,
researchers are continuously re-evaluating their efforts on maximizing the utilization of
biomass waste as raw material for industrial wastewater treatment processes.
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Biological treatment processes such as aerobic, anaerobic, and aerobic/anaerobic have
several merits due to their eco-friendly approaches and economic benefits [8]. Organic
matter degradation has a profound influence on NH4

+− N removal in biological wastew-
ater treatment systems. Biological nutrient elimination processes include: (i) microbe
consumption during cell synthesis and energy transmission and (ii) biomass removal from
the system. NH4

+−N, organic nitrogen, nitrite, and nitrate are all forms of nitrogen found
in wastewater. Organic nitrogen is degraded to NH4

+−N, which is then digested by bac-
terial cells and oxidized to nitrite and nitrate [9,10]. With little to no aeration time in the
cycle, NH4

+−N concentration in biological wastewater treatment processes rises during
the influent and return activated sludge flow. It is possible that this is due to insufficient
hydraulic mixing in the bioreactor tank. As a result, using a bioreactor with a high DO
concentration could result in total NH4

+−N removal and nitrification.
Several aerobic methods have been used to investigate the performance of activated

sludge systems treating GSBE [4]. In GSBE treatment, biochar has been used to improve
the system’s overall performance. Due to the biochar’s suitable surface area, micropores,
variable and high degree of surface chemistry, as well as the high organic matter removal,
the biosorption process has gained attention recently [11]. The rough, porous medium
surface of the biochar allows for the absorption of organic matter and serves as an ideal
surface for the attachment and growth of active biomass [5]. However, commercial biochar
is expensive [12]. Due to its shown effectiveness, affordability, and availability, wastewater
specialists have assessed the efficacy of resins and biochar derived from waste biomass
as a biosorption and bioremediation material [13]. As a waste biomass, alum sludge
contains large amounts of the metal aluminum as well as several different types of oxides.
It has phytotoxic characteristics. It contains a variety of organic and inorganic debris,
suspended particles, humic substances, heavy metals, microbes, chemical substances, loam,
and sand, among other impurities and pollutants. It is not contaminated and does not
have any dangerous elements. However, before alum sludge can be recycled and used
in other applications, it is crucial to understand its properties [14]. All water authorities
across the world continue to face a difficult environmental and financial dilemma with
the management of alum sludge [15]. Reusing alum sludge in the creation of pollutant
removal agents is a conventional method of managing alum sludge (biosorbents). It is a
very effective, reasonably priced biosorbent for removing a variety of contaminants from
wastewater [16]. Following this, alum sludge’s economic value is increased, and a potential
waste management strategy for it is created.

Alum sludge could be potentially converted to biochar [17]. A biomass residue called
biochar is created when biomass thermally decomposes in the absence of oxygen. It
is a solid that contains a lot of carbon and is simple to make at temperatures between
300 and 700 ◦C by pyrolyzing a variety of solid wastes from a variety of inexpensive
sources. However, biochar’s fundamental drawback is that it has a negatively charged
surface, which renders it less efficient, particularly in the biosorption of anionic pollutants.
Various forms of modification have been found to increase the biosorption ability of biochar.
This includes composite formation [18]. According to the literature, green-waste-derived biochar
composites are promising biosorbents in the practical application of removing contaminants
from industrial effluents. The derivative is now being investigated as a potential precursor for
the creation of various biocomposites with applications to the treatment of water and wastewater.
Mesocarp fibers (MF) are an abundant oil palm waste. Environmental pollution may result
from improper management of this significant volume of waste. To remove contaminants from
biorefinery effluents, biomass redirection in the creation of composite biosorbents with high
biosorption capability would be of considerable benefit [19].

There are not many studies looking into the usage of activated sludge and biosorption
techniques in tandem to remove organic matter and nutrients from GSBE utilizing ASMF-C.
As a result, waste would be used as a biosorbent in this study’s treatment of GSBE in the
combined system. RSM would be used to optimize the performance of the CMAS and
SB-CMAS bioreactor systems based on a central composite design (CCD). The operating



Processes 2022, 10, 2262 4 of 30

parameters for optimization would be efficient factors such as GSBE concentration and
HRT. Therefore, the goal of this work was to develop a sustainable method of recycling
mesocarp fiber with dewatered alum sludge. The study prepared an alum sludge-based
biochar-mesocarp fiber biocomposite (ASMF-C) for contaminant biosorption. ASMF-C
would be synthesized and characterized alongside GSBE. The study also determined if the
application of ASMF-C in SB-CMAS would yield higher removal efficiencies than in the
CMAS bioreactor system. The biosorption performance for the focused contaminants (COD
and NH4

+−N) removal from GSBE was studied, as well as the biosorption biokinetics. As
far as we are aware, this is the first report on the use of the activated sludge and biosorption
processes in combination for the treatment of GSBE employing ASMF-C.

2. Materials and Methods
2.1. Materials

Alum sludge cake (moisture content 64–71%) was collected from the sludge dewatering
unit of a water treatment plant in Kampung Senin, Perak, Malaysia. The sample was
collected after centrifugation from the water treatment plant. The sludge was stored in a
well-covered environment to prevent the effect of the air-drying process on the moisture
content of the sludge, which resulted in the anaerobic condition of the sludge during the
ageing phase [20]. The MF was obtained from an indigenous oil palm waste processing
company in Perak, Malaysia [21]. The GSBE that was used originated in Kedah, Malaysia.

2.2. Bioreactor Experimental Set-Up

The experiment entailed running two parallel, 10 L aerobic GSBE-fed laboratory-scale
continuous mode activated sludge bioreactors. The designed bioreactor was constructed
with an acrylic glass of 5 mm thickness and a sizable proportion of tube diffusers to always
ensure a DO of 2.0 mg/L [22]. The bioreactors were attached to the influent tank with a
capacity of 20 L. While the SB-CMAS bioreactor received an addition of SB to study its
impact on the treatment of the GSBE, the CMAS bioreactor operated without ASMF-C.
Using a peristaltic pump, influent GSBE was constantly fed into the bioreactors [4]. To
maintain consistency of feed characteristics, the feed container was set above a magnetic
stirrer. To change the required flow rates to the reactors, peristaltic pumps were used. A
fan kept the bioreactors’ temperature at 25 ◦C [23]. To avoid algal growth that could alter
the experimental findings, the inner part of the bioreactors was cleaned by a brush at least
once a week. The pH of the influent GSBE was maintained in the neutral range.

2.3. Activated Sludge Characteristics and Acclimatization Process

The CMAS and SB-CMAS bioreactors were inoculated with activated sludge (AS). The
characteristics of the AS were pH 7.89–8.02, settleability 275.1, MLSS 1550–2080, MLVSS
800–1210 (mg/L), and SVI 98.3–102.5 mL/g. As a feedstock for the maturation of the bioreactor,
a mixture of the STP initial raw sludge at 90% and raw GSBE at 10% was aerated for 24 h, and
0.5 L of the supernatant was withdrawn and replaced with 0.5 L of GSBE to acclimate the AS to
its full strength. After that, the treatment was resumed every day with a 0.5 L supernatant with-
drawal until the AS had adjusted after 10 to 14 days. In subsequent experiments, the acclimated
AS was utilized as seed in the reactors, and GSBE was fed in increments in accordance with the
experimental design. pH, COD, and NH4

+−N removal were all observed.

2.4. Alum Sludge-Mesocarp Fiber Biocomposite (ASMF-C) Preparation

Biochar was made using the dried and sieved dewatered alum sludge. The dewatered
alum sludge was placed in an oven and heated at 105 ◦C for 24 h to eliminate any remaining
water before pyrolysis. This was performed after collection and natural drying in the
sun. The sludge was subsequently put inside a fixed bed reactor made of a quartz tube.
The reaction zone height was 680 mm, and the reactor inner diameter was 27 mm. The
distributor plate had a porosity of 3 (16–40 µm) and was 320 mm above the reactor’s bottom.
An amount of 200 g of the alum sludge was put in a ceramic cup and heated in an electrical
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tube furnace prior to the pyrolysis. In the furnace, pyrolysis was carried out for two hours
at a temperature increase rate of 17 ◦C/min [24]. The biochar samples were then cooled
until they reached a consistent weight while being kept at room temperature. For improved
biosorption performance efficiency, they were later washed with deionized water, and
dried at 70 ◦C [25]. Aqueous acetic acid solution (V/V) containing 2 percent acetic acid
was added to a 50 mL round bottom flask along with 1.05 g of MF and the mixture was
magnetically agitated for 30 min at 60 ◦C. After 30 min of vigorous stirring, 0.45 g of the
produced biochar was added to the mixture. The next stage involved adding 20 mL of
NaOH solution dropwise to the acetic acid solution, MF, and charcoal. The liquid was
placed into a stainless-steel autoclave after 2 h of stirring (100 mL). The autoclave was
subsequently sealed, maintained at 140 ◦C for 10 h, and then allowed to cool naturally [26].
Finally, the ASMF-C was collected, washed with deionized H2O, filtered, and dried at
70 ◦C. Figure 1a–e depicts oven-dried alum sludge, calcinated alum sludge, mesocarp fiber,
produced alum sludge-based biochar, and influent GSBE.

Figure 1. Pictorial view of (a) oven-dried alum sludge, (b) calcinated alum sludge, (c) mesocarp fiber,
a (d) Alum sludge-based biochar, and (e) influent GSBE.

2.5. ASMF-C Characterizations

Characterization of the ASMF-C was conducted. The specific surface area as a vital
factor for the biosorbent structure was determined. Micrometric ASAP 2020 then used
the N2 adsorption-desorption isotherm to assess the results. By employing the Zeiss
super 55 VP instrument for field emission scanning electron microscopy (FESEM), the
biochar made composite surface was examined. The samples were coated with 200 AO
Gold-Palladium before examination. The biocomposite samples were scanned from 400 to
4000 cm−1, at 100 cycles and 4 cm−1 resolutions, to record the spectrum and determine the
material’s functional group as well as investigate the particles’ absorption and transmission,
producing a molecular impression. A Varian 3100 FTIR and a Varian 600 UMA FTIR were
used to evaluate the materials. Using the KBr pellet technique, PerkinElmer’s Fourier-
transform infrared spectroscopy (FTIR) was utilized. The chemical structure of the ASMF-C
and the changes in essential functional groups during the biochar manufacturing process
were studied based on the obtained FTIR spectra of the structure.

2.6. Analytical Methods

The GSBE sample was placed in the COD digestion reagent vials, and the DRB200
Reactor was used to digest it. This complies with the HACH 8000 technique. The ammonia-
nitrogen concentrations in the influent and effluent GSBE were measured using the USEPA
Nessler Method (Method 8038). For the GSBE samples, the absorbance of COD and am-
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monia was measured using the HACH DR3900 spectrophotometer. The pH of the GSBE’s
original solution was adjusted using sodium hydroxide and sulfuric acid solutions [27].
Every measurement was performed three times, with the average results being presented.
Equation (1) was used to determine the pollutants removal efficiencies. For data analysis,
Origin software was employed [28].

Pollutant removal efficiency (%) =
Min − Me f f

Min
× 100 (1)

2.7. Process Optimization by RSM

A group of mathematical methods known as “response surface methodology” (RSM)
explain how numerous independent variables relate to one or more responses. It is used
to model and analyze a problem using experimentally derived quantitative data to derive
model equations using regression. The responses to changes in the process parameters
are optimized by this technique. It has long been a popular method for creating exper-
iments [29]. The RSM approach is based on the fitting of mathematical models to the
experimental data produced by the planned experiment and the statistical validation of
the model. The design of experiments (DOE) is a key tool in engineering that is frequently
used for optimization, predictions, or interpretation that ultimately improves process per-
formance, reduces the number of variables in the process by accounting for only the most
important factors, and reduces operation costs and experimental time [30].

Due to the complicated behavior of activated sludge and wastewater composition
under a variety of loading scenarios and environmental variables, predicting the perfor-
mance of a bioreactor is challenging. To predict the individual and interactive influences
of various inputs on the responses (output) in a smaller number of experimental itera-
tions, which can be used for the design of experiments, modelling, and to forecast the
ideal performance parameters, a clear and accurate mathematical link between input and
output data must be established. RSM has been used to model the characteristics and
behavior of the bioreactor using a range of prediction methodologies and to understand
the association between the input and output variables because of its accuracy, precision,
and capacity to learn and adapt. With a limited number of tests, RSM is a powerful nu-
merical parameter tool for examining the mathematical relationship between independent
and dependent responses. This strategy is helpful when multiple independent variables
have an impact on one or more responses.

For biosorption optimization, a variety of design techniques have been used, with the
central composite design being the most prevalent (CCD). For creating second and third
order models for the response variables, it is helpful. The CCD produces the same amount
of data as the 3n complete factorial design, but it necessitates fewer experimental trials than
the FFD. High-quality predictions of the effects of parameter interactions, both linear and
quadratic, are provided by the CCD. Center points, which correspond to the middle level
of the factors, and axial points, which rely on the specific features sought for the design
and the number of parameters associated, are the two levels at which the entire factorial or
fractional factorial design is contained in the CCD [31–34].

The RSM employed in this investigation was a CCD with two independent variables:
GSBE concentration and HRT. Using Design Expert (version 11), the design matrix was
examined [35], and optimization was carried out to increase the elimination of COD and
NH4

+−N. The effects of the two independent variables (GSBE concentration and HRT)
on the removal of COD and ammonia were examined in the current work using a typical
CCD with two variables. A total of 2 k factorial points, 2 k axial points, and a center point
made up the design, where z is the number of variables. Two dependent parameters,
namely, COD and NH4

+−N removal were evaluated as responses to achieve the ideal
GSBE concentration and HRT.

Eleven tests in total were carried out for the study. To fit the second-order polynomial
models and establish an experimental error for this investigation, three replicates were
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used at the center locations. Three levels were used to code each operating parameter:
low (−1), central (0), and high (+1). The mathematical relationship between biosorption
(percent) and other variables, such as COD and ammonia, was found and approximately
represented by the quadratic model equation. Table 1 gives the CCD for the variable at the
selected level and range. The variables were GSBE concentration (20, 60, and 100%) and
HRT (1, 2, and 3 d). HRT was chosen as an independent variable.

Table 1. Design matrix for COD and NH4
+−N removal.

Independent Variables
Symbol Ranges and Codes

k Low Center High

GSBE conc. (%) kx 20 60 100
HRT (days) ky 1 2 3

Following the experimentation, Equations (2) and (3) were used to compute the
polynomial model’s coefficients,

m = f (x) (2)

f (x) = λ0 +
z

∑
x=1

λxkx +
z

∑
i=1

z

∑
y ≥ i

λxykxky + + (3)

where the linear and quadratic coefficients, respectively, are x and y. The input variables
are kx, and ky, while +is the random error, and the factors m and z represent the projected
response and the number of factors analyzed, respectively. The regression coefficients
for the intercept, linear, quadratic, and interaction terms are λ0, λx (x = 1, 2, . . . , z), λy,
(x = 1, 2, . . . , k), and λxy (x = 1, 2, . . . , z; y = 1, 2, . . . , z), respectively.

Using a 95 percent confidence threshold, the p-value was used to choose or reject model
terms [27]. The regression coefficient λ, the number of factors evaluated and optimized
during the experiment, and the random error (+) are the three quadratic coefficients. The
experiments were conducted using the optimization design, and the outcomes were further
examined [31]. Based on the impact of the two elements’ respective levels, three-dimensional
plots and their corresponding contour plots were produced. The primary parameters in the
overlay plot were used to determine the best region. The coefficient of determination (R2) of the
quadratic model demonstrated its degree of fit, and the F-test was utilized [32].

2.8. Biokinetic Study

The biosorption kinetics model is defined by the rate of solute extraction that con-
trols the adsorbents retention time at the solid–liquid interface. It is critical to recognize
the kind of mechanism at work inside a given biosorption system. It is used for the
optimization and prediction of reactor performance [5]. Additionally, knowledge on
contaminant absorption kinetics is required to determine the best situation for compre-
hensive contaminant removal operations. Several kinetic models have been used by
scientists. This study established the limiting phases in the biosorption process and
estimated the biosorbent uptake rate using the following models:

2.8.1. First-Order Kinetic Model

If first-order kinetics prevails in well-agitated systems, the rate of change in substrate
concentration in a full mixed system could be described as follows:

− ds
dp

=
q

Rv
× Min − q

Rv
× Me f f − Cs1 Me f f (4)
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At steady state circumstances, the rate of substrate change (ds/dp) within the bioreac-
tor is negligible; hence, Equation (4) can be condensed to produce Equation (5):

Min − Me f f

δ
= Cs Me f f (5)

Plotting Meff versus [(Min − Meff)/δ] in Equation (5), which is created by rearranging
Equation (2), will yield the value of Equation (4). The slope of the line can be used to
determine the value of Cs.

The starting and effluent substrate contaminant concentrations are Min and Meff, the
hydraulic retention time is δ, the bioreactor capacity is Rv , the influent flow rate is l/q, and
Cs is the first-order substrate removal rate constant (1/d). When the substrate concentration
is significantly lower than half the saturation constant, it is anticipated that the inaccuracy
in this model will be modest.

2.8.2. Grau Second-Order Kinetic Model

It is a more extensive version of the Monod model. This approach, which works with
multicomponent mixtures, is based on the linear removal principle. Equation (6) is used to
define the general equation of the Grau second-order kinetic model

− ds
dp

= C2 χ

( Me f f

Min

)2

(6)

Through the integration of Equation (6) and, subsequently, linearizing it, Equation (7)
can be obtained:

Minδ

Min − Me f f
= δ − Min

C2 χ0
(7)

where C2 = second-order contaminant removal rate constant, (1/d).
From the left-hand side, (Min − Me f f )/Min is expressed as the contaminant removal

efficiency and is epitomized as γ.
Nevertheless, if the second factor in the right portion of Equation (7) is considered an

allowed constant, then Equation (8) happens:

δ

γ
= u + vδ (8)

The slope and intercept will be produced by plotting δ
γ versus δ, where u is a constant

value and equal to Min
C2 χ0

and b is a dimensionless constant in the model that is close to one
and reflects the impossibility of attaining a zero value of substrate concentration.

2.8.3. Modified Stover–Kincannon Model

Regardless of the sequence of reaction kinetics and under any loading scenario, the
modified Stover–Kincannon model is utilized to calculate the substrate removal rate at
the steady-state condition. The effluent substrate concentration for a given volume or the
volume needed to achieve the specified effluent substrate concentration might both be
determined using the model. One can sum up the modified Stover–Kincannon model
as follows:

ds
dp

=
q

Rv

(
Min − Me f f

)
(9)

Through the integration of Equation (9) and, subsequently, linearizing it, Equation (10)
can be obtained as follows:

q
Rv

(
Min − Me f f

)
=

Umx

(
qMin
Rv

)
Cv +

(
qMin
Rv

) (10)



Processes 2022, 10, 2262 9 of 30

Equation (10) will be linearized to produce Equation (8):(
ds
dp

)−1
=

Rv

q
(

Min − Me f f

) =
Cv

Umx

(
Rv

qMin

)
+

1
Umx

(11)

By plotting Rv
q(Min−Me f f )

versus Rv
qMin

, slope and intercept will be equal to Cv
Umx

and 1
Umx

,

respectively, where Umx and Cv are max. contaminant removal rate and saturation value
constant (g/L d), respectively.

3. Results and Discussion
3.1. GSBE Characteristics

Effluent for the present investigation was collected from a green straw-based pulp and
paper mill located in Kedah, Malaysia. Samples were collected periodically from an existing
aeration pond at the mill by grab sampling technique. Immediately after effluent collection,
it was brought to environmental research laboratory (ERL) in the institute of sustainable
building, UTP, for preservation and further analysis. The samples were filtered through a
0.5 mm sieve to remove suspended particles and stored at 4 ◦C. The GSBE samples were
analyzed for wastewater parameters with results highlighted in Table 2.

Table 2. GSBE characteristics and standard discharge limits.

Parameter Mean Permissible Limit (EPA, 2002)

pH 8.31 6–9
Temperature (◦C) 26.9 40

TSS (mg/L) 319 35
TDS (mg/L) 1361 30
COD (mg/L) 5893 120
BOD5 (mg/L) 3027 40

NH4
+− N (mg/L) 69.25 20

Phosphorus (mg/L) 294 200
Total Nitrogen (mg/L) 182 143

EC (µS cm–1) 1641 1000

To further raise the caliber of the released wastewater, this study offers useful data on
the pollutant load of GSBE. The processing is to blame for the extraordinarily high COD in
this study. Tannins have been found in wastewater from industrial debarking and digestion
procedures, and they make up 50% of the COD in the effluent [33]. Furthermore, the
elevated COD levels seen could be the result of their gradual breakdown and accumulation.
Even if some chemicals break down, they still could have high COD levels and cause
dangerous effects. In digester house liquors, there are lots of chemicals, lignin, leftover
fibers, and other impurities. As a result, the COD and BOD values in these discharges are
high. The high BOD concentration in the wastewater indicates that there is less oxygen
available for aquatic life, which increases the toxicity of the effluent [34]. The presence
of salts and ions may be the cause of the wastewater’s high EC value. The properties
of GSBE contaminants revealed a high pH. The elevated pH may be caused by sodium
hydroxide and sodium sulphide residues left over from the pulping process [35]. The
samples’ bleaching and the mill’s black liquor could both have contributed to the elevated
pH. A diverse mixture of organic and inorganic chemicals was found in the GSBE as
recalcitrant contaminants even after secondary pond treatment.

3.2. FTIR

To identify the functional groups and bonds that were present in the ASMF-C, FTIR
analysis was used. The functional groups and linkages either originated from the mesocarp
fiber or the alum sludge biochar or were produced during pyrolysis.
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The ASMF- C many bends were scanned by FTIR at various wavenumbers and
intensities. The composite biosorbents’ FTIR spectra at various raised temperatures are
shown in Figure 2. The bands’ heights are 3696.16, 3620.62, 3434.05, 1645.37, 1432.64,
1032.21, 1009.63, 913.95, 695.75, 539.92, and 469.70 cm−1. Their groups generated several
noncovalent forces between the adsorbate and the adsorbent, such as hydrogen bonds,
which assisted in effectively removing the pollutant from the effluent [36]. The formation
of O2 and the elimination of COD were both aided by the presence of oxygen functional
groups, specifically C=O/C-O. The presence of free and intermolecularly attached O-H and
NH groups, as well as the stretching vibrations of the OH group (hydroxyl) and adsorbed
water molecules on the precursor surface, serve as its defining characteristics. With an
increase in activation temperature, peak intensity gradually fell. This has an impact on the
typical absorption peaks. Higher activation temperatures led to the disappearance of the
absorption bands, particularly those around 3420–1640 cm−1 [37].

Figure 2. FTIR spectra of ASMF-C.

At 1432.64 cm−1, the water-related absorption peaks associated with the bending
vibration of the OH and NH groups of the hydrated reaction products can be seen. This is a
sign of carboxylic anhydrides or deformation of the carboxylic group. After samples were
exposed to higher temperatures, this peak underwent a critical sign of composite bingeing:
a shift to the right and a slight rise [38]. This shift shows that the dihydroxylation process
resulted in an increase in the amount of Si-O-T bonds, which are composed of a succession
of peaks that partially overlap one another. Al atoms were introduced into the composite’s
network during the pyrolysis procedure, increasing the proportion of oxygen atoms that
are not bridged.

3.3. Oxide Composition, Physical Properties, and Elemental Analysis of ASMF-C

The oxide components of ASMF-C and the results are shown in Table S1. The table
provides information on the chemical makeup of ASMF-C. Al2O3, SO3, SiO2, CaO, Fe2O3,
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and MgO were added together to make up 63.75% of the composite. MnO, P2O5, K2O, and
Cl, in that order, made up 0.73%, 0.89%, 0.56%, and 0.97% of the ASMF-C. Al2O3 is the
element in ASMF-C with the highest abundance, as can be seen. Its high content (37.51%)
may be connected to the alum sludge’s aluminum content. SiO2, produced because of
the carbonization of the material in MF, came next. ASMF-C’s properties are like other
biosorbents made from biomass materials and utilized for biosorption in biological treatment
systems. The measured elemental composition of the ASMF-C is depicted in Table 3.

Table 3. Elemental analysis of ASMF-C.

Elements Values (%)

K 6.15
C 18.39
Ca 0.54
Mn 0.61
Al 29.74
Rb 0.19
Cl 6.70
Si 8.19
Fe 0.27
Zn 0.15
S 2.86
P 2.31

Mg 0.82
O 23.08

Table S2 highlights the surface area, radius, pH, pore volume, and size. The ASMF-C
was found to have enough BET surface area, total pore volume, average pore radius, and
average pore size of 110 m2/g, 0.387 cm3/g, 73.56 (Å), 1.871 nm. This might be connected
to structural restructuring brought on by carbonation.

3.4. FESEM

In Figure 3, one can see micrographs of the ASMF- C surface morphology after
pyrolysis (a and b). It was evident from micrographs that the particles that were crushed
and scattered randomly had more pores than the other types of particles. After pyrolysis,
the composite’s microstructure revealed a breakdown matrix with increased porosity. These
slits could significantly reduce ion diffusion resistances, enhance ion transport kinetics,
and lessen the ion-sieving impact during the electrochemical reaction. The successful
construction of interconnected porous graphitized carbon nanoflake structures can be
attributed to the interaction between the precursor’s composition and structure and the
in situ carbonization-activation process [39]. The ASMF-C microstructure qualities were
improved using mesocarp fiber in the composite. Its rule as an active site caused the
development of excessive products, and through reaction and product formation, it created
a variety of products that were visible in micrographs. For the amorphous structure of
the ASMF-C sample, it shows unreacted mesocarp fiber particles, reaction products, voids,
and cracks. A small quantity of hydration with microcrystalline and fibrous structure
were detected. Little hexagonal crystals of CH were employed to disperse all generated
hydration products. In addition, numerous unreacted grains, minor amounts of calcite,
and hexagonal plates that were scattered with the matrix could all be clearly identified.
This result is consistent with findings from several sludge biochar composites that have
been discovered in the literature [40].
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Figure 3. FESEM images at @ (a) 2 µm and (b) 10 µm for ASMF-C.

3.5. Impact of GSBE Concentration and HRT on COD and NH4
+−N Removal

3.5.1. COD Removal

All sample ports’ time course profiles for COD concentration are shown. According
to Figure 4, there were oscillations in the effluent COD concentrations from both bioreac-
tors at the start of the investigation until steady–state conditions were reached. However,
biodegradation of organic matter was seen in all the bioreactors. This was anticipated since
the biomass may have adapted to the incoming GSBE. On day 20, the biosorbent (biochar)
was added to the aeration tank of the SB-CMAS bioreactor. All the reactors were monitored
continuously until the SB-CMAS bioreactor became acclimatized to the added biochar.
The substrates and microbes in the bioreactor attached to the biochar, as seen under a
microscope. By offering many places for reactions between the substrates and the microor-
ganisms, the additional biochar may have increased the likelihood that the substrates and
the bacteria would come into contact. This could have facilitated the substrate degradation
by bacteria. The breakdown of substrates by microorganisms took place in a suspended
state prior to the addition of biochar to the base solution. It indicates that the likelihood
of bacteria and substrates coming into contact or interacting determined how quickly the
substrate would degrade. As reaction sites between microbes and substrates, biochar
additions can raise these possibilities. The biochar has substrates and microorganisms
linked to it, making it simple for microbes to break down the substrate. This demonstrates
that the biochar has assisted in the bacteria’s biodegradation of organic materials.

The experimental data for the influence of HRT on COD removal are presented. The
COD removal was in the range of 59.4–81.21% and 76.4–95.51% for the CMAS and SB-
CMAS bioreactors. It is possible to explain the high COD removal in the aerobic bioreactor
due to the oxidation of organic matter to CO2, water, and biomass when oxygen serves as
an electron acceptor. A similar finding was made by [41], who observed that COD removal
was higher in the first reactor (C1) compared to the second reactor (C2) of simultaneous
biosorption and biodegradation packed with a biochar biosorbent. The authors observed
that COD removal in C1 was in the range of 63–71%, whereas about a 10–16% addition was
achieved in C2. The overall substrate removal rate increased with aan increased organic
loading rate.

Findings from the literature revealed that, as HRT decreases, the HLR increases. This
suggests that more wastewater is entering the bioreactor, which could shorten the time
needed for the substrate and the microorganisms to interact and begin to degrade it, leading
to incomplete biodegradation. In a bioreactor using activated carbon as a biosorbent, a
study found that COD removal reduces between 88, 72.4, 51, and 23.71 percent with
decreasing HRT between 4, 3, 2, and 1 day [42]. In a related study, the overall COD removal
increased in the range of 7.58, 9.89, 12.41, and 16.20 g COD/L.d with HRT decreasing
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in the range of 9.6, 7.2, 4.8, and 3.6 days [43]. It is well-known that the decrease of HRT
coincides with an increase of organic loading rate, which provides more substrate for
microbial consumption. Thus, metabolic activities at a higher organic loading rate were
high, resulting in the removal of more substrate.

Figure 4. The CMAS and SB-CMAS bioreactor results in terms of COD concentrations and their
removal efficiencies.

3.5.2. NH4
+−N Removal

The long-term presence of high quantities of NH4
+−N in biorefinery effluents is one

of the most serious issues faced by operators of green straw-based biorefineries. High
concentrations of unprocessed NH4

+−N can hasten eutrophication, reduce dissolved
oxygen levels, and reduce the effectiveness of biological treatment systems. As a result,
aquatic organisms are very poisonous to NH4

+−N. In CMAS and SB-CMAS bioreactors,
the effect of HRT on NH4

+−N removal from GSBE was examined. The time course profiles
of NH4

+−N concentrations at all sampling points are shown in Figure 5. The experiment
began with an HRT of 3 days at an initial NH4

+−N concentration of 12.5 mg/L. The overall
NH4

+−N removal was in the range of 63.42–77.32% and 72.72–87.34% for the CMAS and
SB-CMAS bioreactors, respectively. According to the literature, NH4

+−N removal from
wastewater normally involves a nitrification and denitrification process. The major process
that could be involved during NH4

+−N removal in GSBE was nitrification because the
anoxic section was not included in the bioreactors’ design and the systems operated an
extended aeration process. The bioreactors exhibited good NH4

+−N oxidation capacity.
This was observed through the NO3-N concentration in the aerobic unit with decreasing
HRT. The addition of biochar-activated sludge reactors improved the biological treatment of
GSBE’s nitrification efficiency. After the reactors were started, it was shown that NH4

+−N
was effectively oxidized, and the Nitrosomonas and Nitrobacter bacteria then transformed
it to nitrite and, eventually, nitrate.
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Figure 5. The CMAS and SB-CMAS bioreactor results in terms of NH4
+-N concentrations and their

removal efficiencies.

NH4
+−N removal was largely influenced by nitrification. The higher metabolic activi-

ties which occurred because of nitrification largely influenced the growth and synthesis of
new microbial cells. In the overall results for both bioreactors, high NH4

+−N removal was
achieved even at short HRT of 1 days. This coincides with the findings by [44], where it was
reported that NH4

+−N removal efficiency increased with decreasing HRT because the de-
crease of HRT coincides with the increase of hydraulic loading rate which can interfere with
the biodegradation and interaction time between the microorganisms and the substrate and
subsequently cause an incomplete biodegradation. A similar result was observed by [45],
where it was noted that NH4

+−N removal was in the range of 99.42–77.58% with HRT
decreasing in the range of 4,3, 2, and 1 day in a biological treatment system. Thus, it was
concluded that short HRT alters the dynamic balance, composition, and spatial distribution
of the ecological structure of microbial systems and could decrease removal efficiency. Short
HRT induces high substrate loading to the bioreactor system. A study reported that the
residual NH4

+−N concentration increased with decreasing HRT [46]. Thus, the increase in
effluent substrate concentration was caused by insufficient time for interaction between
microorganisms and substrate which caused an incomplete biodegradation at short HRT.
In a study by [47], three different HRTs (6, 3, and 2 d) were used on an activated sludge
process and the results obtained in the present study are in line with their findings.

3.6. CMAS and SB-CMAS Optimization Output for COD and NH4
+−N Removal

3.6.1. Model Fitting and Statistical Analysis

To optimize the operating conditions, regression model equations were built using
quantitative data from the properly planned experiments depicted in Table 3. This statistical
model was made possible by the experiment design. Here, optimal COD and NH4

+−N
biosorption parameters on alum sludge-based biochar were refined using the CCD of RSM.
The Design Expert software’s numerical node was also used to optimize the procedure
under optimal circumstances. The methodology is useful since it made use of experimental
data to investigate the interactive impacts of the factors on the efficiency of the entire process.
The levels of these independent variables are shown in Table 4, both coded and uncoded.
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Table 4. Design of experiment for the optimization of COD and NH4
+−N removal.

Run

Independent Variables Responses

CMAS SB-CMAS

GSBE Conc. (%) HRT (d) COD
Removal (%)

NH4
+−N

Removal (%)
COD

Removal (%)
NH4

+−N
Removal (%)

1 20 3 71.8 74.4 90.4 80.66
2 60 1 78.29 76.84 93.61 85.73
3 100 1 65.96 66.03 76.41 82.86
4 60 2 80.27 77.32 95.51 85.39
5 60 3 81.21 76.09 93.7 87.34
6 20 1 72.8 68.75 95.11 85.93
7 60 2 80.77 77.22 94.83 87.29
8 100 3 59.4 63.42 80.4 73.59
9 20 2 63.88 68.73 89.38 85.48
10 60 2 72.68 72.84 91.67 83.72
11 100 2 64.12 65.07 78.74 72.72

In CMAS and SB-CMAS bench-scale bioreactors, GSBE treatment was carried out. Ex-
perimental data were statistically analyzed by being fitted to a general model equation. The
obtained experimental findings and the input functional variables were fitted. CCD was used
in the experiments, and the findings are provided. The polynomial equations are presented in
Equations (12) and (13) for CMAS and Equations (14) and (15) for SB-CMAS as follows:

COD removal (%) = +76.53 − 6.27A − 4.20B + 1.96AB − 6.5A2 − 1.94B2 (12)

NH4
+−N removal (%) = +75.93 − 2.89A − 1.77B + 1.18AB − 8.42A2 + 0.3366B2 (13)

COD removal (%) = +95.10 − 6.56A − 0.1051B + 0.8375B − 7.97A2 − 3.08B2 (14)

NH4
+−N removal (%) = +86.12 − 3.82A − 1.22B − 3.74AB − 5.54A2 − 05703B2 (15)

The resulting polynomial regression problem was solved using sequential quadratic
programming in MATLAB 7. The highest percentages of COD and NH4

+−N removal were
achieved with a 60% GSBE concentration and a 2-day HRT, respectively. The maximal
elimination of COD and NH4

+−N under these ideal conditions was calculated to be 78.7%
and 69.5%, respectively. The final equation produced for COD and NH4

+−N removal is
reported in terms of actual (natural) factors in Table S3, which displays the updated model
equation in terms of coded and real components.

3.6.2. 3D Response Surface Plots

To better comprehend the effects of independent variables and their interactions on the
dependent variable, 3D response surface plots for the measured responses were produced.
While keeping the values of the other variables constant, response surface and contour
plots were produced for various interactions of any two independent variables. Such three-
dimensional surfaces generate precise geometrical representations and offer helpful data
regarding the system’s behavior within the experimental setup. The dependent variable is
shown on the upper horizontal axis in the 3D response displays. The 3D response surface
plots for percentage elimination of COD and NH4

+−N as a function of GSBE concentration
and HRT are displayed in Figure 6a–d. COD and NH4

+−N removal in this study increased
as GSBE concentration grew (from 20% to 60%), and as GSBE concentration rose further
(to 100%), the removal of COD and NH4

+−N started to reduce. It might be caused by
a large rise in the concentration of contaminants. Within their respective experimental
ranges, the proportion of pollutants removed likewise rose with rising HRT and decreasing
GSBE concentration. However, compared to 3 days of HRT, the effect of HRT on the
elimination percentage was more pronounced at 2 days. Increases in HRT (1–2 days) and
subsequent increases in GSBE concentration were shown to be the main factors for the



Processes 2022, 10, 2262 16 of 30

increased percentage elimination of both pollutants (20–60%). However, the number of
pollutants removed considerably decreased at 100% GSBE concentration. As a result of
the small number of adsorption sites, the percentage of removal would fall. The results
of this study are comparable to those of [48], who found that the highest removal of COD
from waste-derived biochar occurred within 1–2 days after the start of treatment. As the
initial increase in GSBE concentration increases, so does the percent elimination of COD
and NH4

+−N. As the biosorbent dose was fed into the SB-CMAS bioreactor, the curve part
in 3D plot Figure 7a–d revealed that significant COD and NH4

+−N reduction was found
to have good interaction influence.

Figure 6. Contour and surface plot for (a,b) COD removal percent and (c,d) NH4
+−N removal

percent from the CMAS bioreactor system.
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Figure 7. Contour and surface plot for (a,b) COD removal percent and (c,d) NH4
+−N removal

percent from the SB-CMAS bioreactor system.

Due to the small number of accessible binding sites in the CMAS bioreactor, there was
less opportunity for interaction between pollutants, which led to a reduced removal rate.
Because there were more biosorption sites available for both COD and NH4

+−N absorption,
it was indicated that an increase in biosorbent dose would probably result in a comparable
increase in percentage removal. The nature of the response surface curves demonstrates
how the variables interact. The relatively semi flat curve indicates that NH4

+−N is less
sensitive to changes in HRT. The literature states that elliptical or saddle-shaped graphs
show a significant interaction between the respective variables, while parallel lines imply
that no substantial interaction occurred. Plots of expected values and actual amounts were
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examined to see if the built models were suitable. Figure 8a–d display the plots of all the
answers’ projected values versus their actual values in the CMAS bioreactor. Similarly,
Figure 9a–d projected for values in the SB-CMAS bioreactor. The figures demonstrate
that nearly all the points were evenly distributed and quite close to the line of equality,
demonstrating the models’ high level of fitting accuracy.

Figure 8. Normal plots of residuals and predicted versus actual plots of CMAS bioreactor for COD
(a,b) and NH4

+−N (c,d) removal.
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Figure 9. Normal plots of residuals and predicted versus actual plots of SB-CMAS bioreactor for
COD (a,b) and NH4

+−N (c,d) removal.

3.6.3. Analysis of Variance (ANOVA)

ANOVA is a statistical method for assessing variance that breaks down the total
variation in a set of data into constituent components linked to certain sources of variation
to test hypotheses about the model’s parameters. ANOVA was used to evaluate the findings
of this study as well as the interactions between the independent variables and responses.
The projected response surface quadratic model’s ANOVA is shown in Table 5 without the
nonsignificant model terms. The ratio of mean square regression to mean square residual
was used to determine the model F-value. The significance of each coefficient was examined
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using the P values, which were then utilized to determine the pattern of the interdependent
relationships between the test variables.

Table 5. Analysis of variance by RSM for COD and NH4
+−N removal efficiencies.

CMAS SB-CMAS

Source
COD COD

Sum of
Squares df Mean

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

Square F-Value p-Value

Model 501.03 5 100.21 5.39 0.0441 significant 495.65 5 99.13 59.64 0.0002 significant
A-GSBE

conc. 235.88 1 235.88 12.68 0.0162 257.94 1 257.94 155.18 <0.0001

B-HRT 106.01 1 106.01 5.70 0.0626 0.0661 1 0.0661 0.0398 0.8497
AB 15.41 1 15.41 0.8281 0.4045 2.81 1 2.81 1.69 0.2506
A2 106.98 1 106.98 5.75 0.0618 160.86 1 160.86 96.78 0.0002
B2 9.52 1 9.52 0.5117 0.5064 24.09 1 24.09 14.49 0.0125

Residual 93.01 5 18.60 8.31 5 1.66

Lack of Fit 49.64 3 16.55 0.7629 0.6101 not
significant 6.64 3 2.21 2.65 0.2860 not

significant
Pure Error 43.37 2 21.69 1.67 2 0.8359
Cor Total 594.05 10 503.96 10

Source
NH4

+−N NH4
+−N

Sum of
Squares df Mean

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

Square F-Value p-Value

Model 264.08 5 52.82 18.75 0.0030 significant 241.35 5 48.27 10.25 0.0116 significant
A-GSBE

conc. 50.23 1 50.23 17.83 0.0083 87.40 1 87.40 18.55 0.0077

B-HRT 18.83 1 18.83 6.68 0.0491 8.95 1 8.95 1.90 0.2265
AB 5.55 1 5.55 1.97 0.2196 55.95 1 55.95 11.88 0.0183
A2 179.54 1 179.54 63.72 0.0005 77.62 1 77.62 16.47 0.0097
B2 0.2870 1 0.2870 0.1019 0.7625 0.8238 1 0.8238 0.1749 0.6932

Residual 14.09 5 2.82 23.56 5 4.71

Lack of Fit 13.15 3 4.38 9.40 0.0977 not
significant 21.09 3 7.03 5.69 0.1532 not

significant
Pure Error 0.9333 2 0.4666 2.47 2 1.24
Cor Total 278.16 10 264.90 10

To determine whether F is large enough to show statistical significance, the accom-
panying p-values are used. The significance of the associated coefficient increased with
decreasing p-value magnitude. The model terms are not important if the value is bigger than
0.1000. According to the p-values, the linear, square, and interaction effects of GSBE concen-
tration were significant process variables for COD and NH4

+−N reduction among the test
variables utilized in the study. Unfitness is undesirable. It is alarming that this likelihood is so
low (10%). The model F-values in the SB-CMAS bioreactor are 59.64 and 10.25, respectively,
reiterating the model’s significance. The relevant model terms for COD and NH4

+−N elim-
ination are A, A2, B2, and A, AB, A2. The lack of fit is not substantial in comparison to pure
error, according to the lack of fit F-values of 2.65 and 5.69 for COD and NH4

+−N elimination,
respectively, and there is a 28.60% and 15.32% chance that noise could be the root cause of such
a huge F-value. Positive is a minor lack of fit. It is desired that the model fit.

3.6.4. Fit Statistics

Table 6 displays the model fit summary for the quadratic model for both contaminants.
R2, which measures how well the model fits the data, was found to be higher than 0.84
for both responses [49]. The “Pred R2” of 0.2210 and the “Adj R2” of 0.6868 are reasonably
in accord for COD in the CMAS bioreactor. The precision with which the treatments are
compared is shown by the coefficient of variation (CV) [50]. The “Pred R2” of 0.6716 and
the “Adj R2” of 0.8987 for NH4

+−N are likewise reasonably consistent. The COD and
NH4

+−N present ratios of 6.576 and 11.033, respectively, suggest a sufficient signal. To
move around the design space, utilize this model. In terms of the SB-CMAS, the “Pred
R2” of 0.9835 and the “Adj R2” of 0.9670 are reasonably in agreement. The “Pred R2”
of 0.9111 for NH4

+−N is likewise reasonably consistent with the “Adj R2” of 0.8221. A
sufficient signal was shown by the present removal ratios of 19.262 and 9.691 for COD
and NH4

+−N, respectively. Using this method, the design space may also be investigated.
Table S4 provides a description of the statistics used for model comparison.
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Table 6. Fit Statistics.

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

CMAS
COD 4.31 71.93 6.00 0.8434 0.6868 0.2210 6.5758
NH4

+−N 1.68 71.52 2.35 0.9494 0.8987 0.6716 11.0330
SB-CMAS
COD 1.29 89.07 1.45 0.9835 0.9670 0.8733 19.2623
NH4

+−N 2.17 82.79 2.62 0.9111 0.8221 0.2021 9.6909

When all other variables remain unchanged, the coefficient estimates in Table 7 show
the expected change in response per unit change in factor value. The average response
of all the runs is the intercept in an orthogonal design. Based on the factor settings, the
coefficients modify the average around it. When the factors are orthogonal, the VIFs are 1.

Table 7. Coefficients in terms of coded factors for the responses.

CMAS

Factor
COD NH4

+−N

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 76.53 1 2.21 70.84 82.21 75.93 1 0.8611 73.71 78.14
A-GSBE −6.27 1 1.76 −10.80 −1.74 1.0000 −2.89 1 0.6853 −4.65 −1.13 1.0000
B-HRT −4.20 1 1.76 −8.73 0.3230 1.0000 −1.77 1 0.6853 −3.53 −0.0101 1.0000

AB 1.96 1 2.16 −3.58 7.51 1.0000 1.18 1 0.8393 −0.9799 3.33 1.0000
A2 −6.50 1 2.71 −13.46 0.4674 1.08 −8.42 1 1.05 −11.13 −5.71 1.08
B2 −1.94 1 2.71 −8.90 5.03 1.08 0.3366 1 1.05 −2.37 3.05 1.08

SB-CMAS

Intercept 95.10 1 0.6614 93.40 96.80 86.12 1 1.11 83.26 88.98
A-GSBE −6.56 1 0.5263 −7.91 −5.20 1.0000 −3.82 1 0.8861 −6.09 −1.54 1.0000
B-HRT −0.1050 1 0.5263 −1.46 1.25 1.0000 −1.22 1 0.8861 −3.50 1.06 1.0000

AB 0.8375 1 0.6446 −0.8196 2.49 1.0000 −3.74 1 1.09 −6.53 −0.9502 1.0000
A2 −7.97 1 0.8100 −10.05 −5.89 1.08 −5.54 1 1.36 −9.04 −2.03 1.08
B2 −3.08 1 0.8100 −5.17 −1.00 1.08 −0.5703 1 1.36 −4.08 2.94 1.08

3.6.5. Effect of HRT on GSBE Treatment in CMAS and SB-CMAS

The HRT had no impact on the GSBE concentration in this investigation, according to
the perturbation plot. When compared to GSBE concentration and biosorbent dose, the HRT
had little effect on the treatment procedure. It is obvious that the GSBE concentration had
the greatest impact on the response. For the COD removal, comparable profiles were seen.

The close contact between air molecules and microorganisms was good at lower HRT.
However, the contact between air and bacteria decreases with higher HRTs because of a decrease
in air retention time. The build-up of inorganic salts, which decrease microbial activity, may
be the cause of this. As a result, at greater flow rates, the fraction of COD and NH4

+−N drops.
Similar profiles were achieved for the SB-CMAS bioreactor’s COD and NH4

+−N reduction.
These line up with the outcomes produced by [49]. As was previously mentioned, increasing
HRT has a negative effect. Contaminant elimination reduced as the HRT was extended beyond
1–3 days. This might be caused by the sludge’s disintegration at greater HRT.

3.6.6. Optimized GSBE Treatment Process

The optimized wastewater treatment process as one of the important results of RSM
analysis could best be explained by desirability plots and numerical ramps. Figure 10a
depicts the removal overlay and desirability solution produced from modelled parameters
by Design Expert following optimization. The optimal solution showed a high desirability
of 0.982184. The numerical solution ramp for the response is presented in Figure 10b. Based
on the RSM analysis for the numerical optimization, the optimum concentration of GSBE is
40.2234%. The HRT value was found to be 2.45699. These optimized parameters confirm
the viability of improving the treatment system with 95.5101% and 86.8237% removals
for COD and NH4

+−N, respectively. For GSBE concentration and HRT, the optimization
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ramp demonstrates the attractiveness of dependent variables. That is, each dot on the ramp
represents the desired variable and response behavior target.

Figure 10. (a) Numerical ramps for response optimization and (b) desirability plot for the
bioreactor system.

3.7. Biokinetic Models for GSBE Treatment in the CMAS and SB-CMAS Bioreactors

Biological kinetic models can be used as an indirect method to estimate the biodegrad-
ability of pollutants (such as COD and NH4

+−N), although they are typically employed
for the design and optimization of industrial-scale applications. This model’s substrate
utilization rate given as organic loading is frequently utilized in wastewater biological
reactor kinetic modelling. Based on the input parameters, the constructed model can gauge
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the effectiveness of the biological system and assess its performance. The first-order model,
the Grau second-order model, and the modified Stover–Kincannon model were used to
study the biokinetics of process parameters chosen for the experiment, such as COD and
NH4

+−N removal. The well-established biokinetic models were used in the study of water
as well as wastewater using biological treatment systems. The study was conducted in a
steady-state system after acclimatization.

3.7.1. First-order Model

With variations in the starting wastewater concentrations, the first-order model was
used to calculate the first-order kinetic constant (Cs) for the removal of COD and NH4

+−N
in various bioreactor configurations. The experimental values for the

Min −Me f f
δ and δ

terms were plotted in Figure 11a–d. The correlation coefficients (R2) for effluents in CMAS
and SB-CMAS were 0.32326 and 0.52723, respectively, for COD and 0.29298 and 0.56916,
respectively, for NH4

+−N. Even though the SB-CMAS had significantly higher R2 values
than the CMAS bioreactor, all could be regarded as low compared to other biokinetic
models. The two bioreactors’ COD and NH4

+−N removal is less likely to follow first-
order COD and NH4

+−N removal, according to the lower R2 values. Additionally, it
showed that the obtained first-order kinetics coefficients could not be accurately fitted.
In this investigation, the constant value of Cs was a crucial element for determining the
pace at which the concentrations of COD and NH4

+−N dropped over time. Based on a
best-fit straight line, the value of Cs for COD and NH4

+−N removal in each bioreactor
for all beginning concentrations was calculated. The Cs for COD in CMAS and SB-CMAS
bioreactors were 1.86322 and 2.94399, respectively, while for NH4

+−N removal were
0.55325 and 1.10971/day, respectively. The Cs value was low in first-order kinetics. It was
discovered that the bioreactors’ average total biomass concentration (X) ranged from 6.23 to
9.05 g VSS/L. The correlation coefficients (R2) for effluents A, B, C, and D in a study by [4]
were 0.65, 0.85, 0.82, and 0.98, respectively. With an average total biomass concentration of
3.42 g VSS/L, the first-order kinetic constants (Cs) for effluents A, B, C, and D were 6.67,
1.80, 1.19, and 0.61/day, respectively. In a comparable investigation, Cs decreased with
increasing starting pollutant concentration in the bioreactor A’s first-order model. This
declining Cs rate indicated a decline in the rate of contaminant removal. The first-order
model demonstrated the best correlation with experimental kinetic data from bioreactors
B and D (R2 > 90%), demonstrating the model’s capacity to describe the kinetics of COD
removal in bioreactors B and D [5].

3.7.2. Grau second-order model

As shown in Figure 12a–d, the experimental data was used to plot δ
γ versus δ based

on the Grau second-order model to produce the biokinetic coefficients. When the influent
substrate concentration was at its lowest level, the best correlation coefficients were attained.
For the GSBE pollutants in the CMAS and SB-CMAS bioreactors, the high correlation
coefficients (R2) were 0.96408 and 0.57201 for COD and 0.90771 and 0.51355 NH4

+−N,
respectively. This shows that the model can correctly forecast the removal of pollutants
and that it well matched the recent experimental results [51]. The slope and intercept of
each line, respectively, are used to illustrate the amounts of u and b values [52]. The u and
b kinetic parameters are represented, respectively, by the trend line’s intercept and slope.
According to the intercept and slope of the plot lines in Figure 12, the values for the kinetic
parameters u and b for the CMAS bioreactor were computed to be 0.11153 per day and
1.13184, respectively. Therefore, the effluent substrate COD concentration can be calculated
using Equation (16) below:

S_e = S_0 (1 − δ/(0.11153 + 1.13184 δ)) COD (16)
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Figure 11. First-order kinetic plot: (a) COD for CMAS, (b) NH4
+−N for CMAS, (c) COD for SB-CMAS,

and (d) NH4
+−N for SB-CMAS.

Similarly, using the intercept and slope of the plot lines in Figure 12b, the values of u
and b for CMAS were determined to be 1.97337 per day and 2.88365. Therefore, the effluent
substrate NH4

+−N concentration can be calculated by Equation (17) below:

Se = S0

(
1 − δ

1.97337 + 2.88365 δ

)
NH4

+ − N (17)

According to the intercept and slope of the plot lines in Figure 12c, the values for
the kinetic parameters u and b for CMAS in the SB-CMAS bioreactor were calculated
to be 0.12731 per day and 0.41161, respectively. Therefore, the effluent substrate COD
concentration can be calculated by Equation (18) below:

Se = S0

(
1 − δ

0.12731 + 0.41161 δ

)
COD (18)

Similarly, using the intercept and slope of the plot lines in Figure 12d, the values of u
and b for CMAS were computed to be 15.60186 per day and 1.1097, respectively. Therefore,
the effluent substrate NH4

+−N concentration can be calculated by Equation (19) below:

Se = S0

(
1 − δ

15.60186 + 1.1097 δ

)
NH4

+ − N (19)

where δ is measured in days, which can range from one to three (24 to 72 h).
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Figure 12. Second-order kinetic plot: (a) COD for CMAS, (b) NH4
+−N for CMAS, (c) COD for

SB-CMAS, and (d) NH4
+−N for SB-CMAS.

Calculations and Figure 12b data revealed that the m coefficient rises as concentration
rises, whereas the u value had the opposite effect. The findings of [53], in which n and m
were found to be 1.007 and 0.047, respectively, are almost in agreement with the results
of the u and b values. In another study, the u (0.033) and b (1.192) value reported by [4]
was in conformity with the result of this study. The second-order contaminant removal
rate constant (C2) in the unit of time, calculated from the equation u = Min/(C2χ0 ) as
4.73 per day, indicated substrate removal for each unit of microorganism. The value of C2
relies on the concentrations of COD, NH4

+−N, and biomass in the reactor’s influent, and
it rises as substrate removal efficiency rises [54]. C2 = 10−3 was the constant value in this
study’s Grau second-order model that was derived for COD. For the elimination of COD
and NH4

+−N, the results linked to this model suit the data well. The substrate removal
constant obtained in this investigation fit the range of C2 values reported in earlier studies,
according to the Grau second-order model.

3.7.3. Modified Stover–Kincannon Kinetic Models

Regardless of whether they are used in an aerobic or anaerobic condition throughout
wastewater treatment, the concepts and methods used in the Stover–Kincannon model seem
to be transferable to a variety of other bioreactors with different configurations, such as
fixed-film reactors, trickling filters, etc. [4]. The modified Stover–Kincannon model was also
used to examine the kinetic reaction of the developed bioreactors in this study. To determine
the values of the kinetic parameters, the obtained experimental data were processed using
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the linearized model. The maximal COD and NH4
+−N removal rates (Umx) and the

saturation constant Cv are comparable to the slope and intercept, respectively. To obtain
the kinetic parameters Cv and Umx, Rv

q(Min−Me f f )
was plotted against Rv

qMin
(Figure 13). The

intercept of the trend line represents 1
Umx

, while the gradient represents Cv
Umx

. The Stover–
Kincannon model for the removal of COD and NH4

+−N from GSBE in both bioreactors is
presented in Figure 13a–d. It could be depicted that R2 values for all the effluents were >0.99
except for 0.91236 obtained for NH4

+−N in the CMAS bireactor. An important finding
in the present study was the obtained values of correlation coefficient (R2) at 0.99932 and
0.99533 for COD and NH4

+−Nremoval, respectively, in the bioreactor supported with
ASMF-C. To be more specific, the modified Stover–Kincannon model was shown to be the
best fit for the observed data. Accurate biodegradable organic removal predictions can be
made with this model. The necessary excellent correlation coefficients were obtained. When
the maximal COD and NH4

+−N removal from the experiments and biokinetic models were
compared, a good correlation was observed. The Umx values for CMAS and SB-CMAS were
0.9108 and 1.1207 g/L.d, respectively, for COD removal. Consequently, Umx coefficients for
CMAS and SB-CMAS were 0.9682 and 2.7190 g/L.d, respectively, for NH4

+−N removal.

Figure 13. Modified Stover kinetic plot: (a) COD for CMAS, (b) NH4
+−N for CMAS, (c) COD for

SB-CMAS, and (d) NH4
+−N for SB-CMAS.

The maximal Cv for R1 and R2 were 0.929 and 1.108 g/L.d, respectively. In a study
by [55], R2 was discovered to have a higher value than R1, according to the reported values
of Umx coefficients. The Umx was 11.13, 10.46, 4.63, and 5.31 gCOD/L.day for mill effluents
A, B, C, and D, respectively. The following numbers, respectively, represent the Cv for mill
effluents A, B, C, and D: 20.12, 14.95, 10.10, and 9.97 gCOD/L.day. This discovery was found
to be consistent with the outcomes of a recent study that evaluated the efficacy of novel
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biocarriers for the removal of organic matter from industrial wastewater in a biosorbent-
assisted bioreactor using the Stover–Kincannon equation. Using a biochar adsorbent, the
study’s highest values of Umx and Cv were 0.679 g/(L.d) and 0.874 g/(L.d), respectively.
According to these authors, the non-biosorbent-supported bioreactor outperformed the
biosorbent-supported bioreactor due to its capacity to offer a broad porous structure for
bacterial immobilization, which in turn produced effective substrate biodegradation. The
performance of bioreactors could be impacted by these additional variables [51]. The Stover–
Kincannon equation is believed to be followed by experimental data when R2 is greater
than 0.98, according to research by [2] and several other researchers. The findings of this
study showed that the bioreactor constructed with the addition of the biochar composite
eliminating COD and NH4

+−N from GSBE had high precision and applicability. The
model’s kinetic correlations could be used to anticipate performance and reactor volume
requirements for pilot and large commercial applications.

4. Conclusions

There has been an intensified effort to enhance the treatment of different wastewater
effluents before the disposal process with the objective of sustained environmental and
public health, decreasing liquid waste pollution footprints, and resource recovery. This
study evaluated the feasibility and effectiveness of CMAS and SB-CMAS systems for the
biosorption of organic matter and nutrients from GSBE. The following conclusions can be
drawn from the research:

• A high degree of removal rate of COD and NH4
+−N can be achieved when the process

variables were optimized in CMAS and SB-CMAS systems.
• Modified Stover–Kincannon biokinetic models were a better fit for enhanced substrate

removal of organic matter and nutrients.
• A significant contaminant removal efficiency of about 60% can be attained at a 2-day

hydraulic retention time in both CMAS and SB-CMAS process systems of GSBE.
• The study was limited to COD and NH4

+−N removal; however, further evaluation
of other by-products should be studied to prevent the possibility of recontamination,
and the viability of the process at field scale for adoption is necessary for sustainable
and safe industrial wastewater disposal.

• The utilization of waste materials to create biocomposites and the removal of COD
and NH4

+−N from GSBE can serve as an inventive way to reduce our solid and liquid
waste pollution footprint in the environment sustainably.
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