
Citation: Jagaba, A.H.; Kutty, S.R.M.;

Abubakar, S.; Birniwa, A.H.; Lawal,

I.M.; Umaru, I.; Usman, A.K.; Yaro,

N.S.A.; Al-Zaqri, N.; Al-Maswari,

B.M.; et al. Synthesis,

Characterization, and Performance

Evaluation of Hybrid Waste Sludge

Biochar for COD and Color Removal

from Agro-Industrial Effluent.

Separations 2022, 9, 258. https://

doi.org/10.3390/separations9090258

Academic Editors: Amin Mojiri and

Mohammed J. K. Bashir

Received: 15 August 2022

Accepted: 7 September 2022

Published: 13 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

separations

Article

Synthesis, Characterization, and Performance Evaluation of
Hybrid Waste Sludge Biochar for COD and Color Removal from
Agro-Industrial Effluent
Ahmad Hussaini Jagaba 1,2,* , Shamsul Rahman Mohamed Kutty 1, Sule Abubakar 2,
Abdullahi Haruna Birniwa 3 , Ibrahim Mohammed Lawal 2,4 , Ibrahim Umaru 2, Abdullahi Kilaco Usman 5,
Nura Shehu Aliyu Yaro 1,6, Nabil Al-Zaqri 7 , Basheer M. Al-Maswari 8, Mohamad Nasir Mohamad Ibrahim 9

and Fida Hussain 10,*

1 Department of Civil and Environmental Engineering, Universiti Teknologi PETRONAS,
Bandar Seri Iskandar 32610, Malaysia

2 Department of Civil Engineering, Abubakar Tafawa Balewa University, Bauchi 740272, Nigeria
3 Department of Chemistry, Sule Lamido University, Kafin-Hausa 741103, Nigeria
4 Department of Civil and Environmental Engineering, University of Strathclyde, Glasgow G1 1XJ, UK
5 School of Civil Engineering, Universiti Teknologi Malaysia, Johor Bahru 81310, Malaysia
6 Department of Civil Engineering, Ahmadu Bello University, Zaria 810107, Nigeria
7 Department of Chemistry, College of Science, King Saud University, Riyadh 11451, Saudi Arabia
8 Department of Chemistry, Yuvaraja’s College, University of Mysore, Mysuru 570005, India
9 Materials Technology Research Group (MaTRec), School of Chemical Sciences, Universiti Sains

Malaysia (Minden), George Town 11800, Malaysia
10 Research Institute for Advanced Industrial Technology, College of Science and Technology, Korea University,

Sejong 30019, Korea
* Correspondence: ahjagaba@gmail.com (A.H.J.); hussainfida@korea.ac.kr (F.H)

Abstract: Agro-waste management processes are evolving through the development of novel ex-
perimental approaches to understand the mechanisms in reducing their pollution levels efficiently
and economically from industrial effluents. Agro-industrial effluent (AIE) from biorefineries that
contain high concentrations of COD and color are discharged into the ecosystem. Thus, the AIE from
these biorefineries requires treatment prior to discharge. Therefore, the effectiveness of a continuous
flow bioreactor system (CFBS) in the treatment of AIE using hybrid waste sludge biochar (HWSB)
was investigated. The use of a bioreactor with hydraulic retention time (HRT) of 1–3 days and AIE
concentrations of 10–50% was used in experiments based on a statistical design. AIE concentra-
tion and HRT were optimized using response surface methodology (RSM) as the process variables.
The performance of CFBS was analyzed in terms of COD and color removal. Findings indicated
76.52% and 66.97% reduction in COD and color, respectively. During biokinetic studies, the modified
Stover models were found to be perfectly suited for the observed measurements with R2 values
0.9741 attained for COD. Maximum contaminants elimination was attained at 30% AIE and 2-day
HRT. Thus, this study proves that the HWSB made from biomass waste can potentially help preserve
nonrenewable resources and promote zero-waste attainment and principles of circular economy.

Keywords: agro-industrial effluent; biochar; chemical oxygen demand; color; palm-oil mill-effluent
sludge; pulp and paper sludge

1. Introduction

Agro-industries have increased more than thrice over the past five decades as a
consequence of improved agricultural soil, technical advancements brought about by the
green revolution, and growing population that was expedited [1]. Agro-industries are one
of the largest contributors to the global economy, producing an estimated mean value of
23.7 million tonnes of food every day, particularly in developing countries that frequently
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rely on subsistence farming and income from formal and/or unofficial agro-industries. The
industries produce much biomass, which is a key component of the bioeconomy. They
are also a significant contributor to the issue of environmental contamination on a global
scale [2]. Considering the rapid rate of population development, excess utilization of natural
resources, and rising energy consumption per individual, it is frequently unavoidable that
highly sophisticated, renewable, and affordable wastes from agro-industries will increase.
Their primary structural elements contain significant amounts of lignin, hemicelluloses,
starch, and cellulose [3]. Modern trends have seen a drive toward waste transformation
into useful resources rather than simply treatment to create a more sustainable society.
Thus, it leads to the generation of agro-industrial effluents (AIE) at high rates and volumes.

Sugarcane, grains, oilseeds, cassava, milk, and animal slaughter are the primary
sources of products from the agro-industrial sectors. Large quantities of energy, water,
and soil are needed for these processes [4]. Consequently, considerable amounts of solid
waste and effluents with major pollution-causing qualities are produced. The produced
AIE include fruit, cassava, potato, vinasse, coffee, dairy, cheese whey, beverage, palm oil,
winery, elderberry juice production effluent, slaughterhouse effluents, and olive mill and
pulp and paper mill wastewaters. The raw materials’ source, products’ nature, operations,
and the phases in the processing all affect the composition and quantity of AIE [5]. Al-
though their physicochemical characteristics are quite diverse, even among those of the
same origin, they generally consist of organic and inorganic pollutants present in high con-
centrations, nutrients (nitrogen, phosphorus, and potassium), toxic compounds (including
heavy metals), pesticides, phenols, and components that may influence air, water, and soil
quality. They include a significant number of organic compounds with high COD and color
values, which have the potential to result in serious pollution issues [6]. The treatment of
these effluents presents an environmental challenge because of the high pollutant load,
vast volumes produced, and seasonal fluctuation. Thus, when released without receiving
proper treatment, the effluent poses a serious threat to the environment [7]. Therefore, SDG
12’s target 12.5 for this goal highlights waste management as a worldwide concern.

The unregulated discharge of untre”ted ’IE Into the environment can promote eutroph-
ication processes, ecosystem imbalance, and pose detrimental effects to humans, animals,
and plants. There is possible risk that it will contaminate shallow and groundwater aquifers
and cause serious environmental issues due to its accumulation in soil and water habi-
tats [2], thus rendering the absorbing bodies of water unsuitable for other applications.
Diverse ecological systems may be greatly affected by these effluents, which can lead to
changes in soil physical/chemical properties and soil microbial population, unpleasant
odors, water resource depletion, dissemination of endemic diseases, and dissolved oxygen
depletion in water. It increases salt content in soil, increases the temperature of receiving
water bodies, and can cause soil contamination by toxic ions/compounds and metals [8].
The production and release of various greenhouse gases is an additional concerning effect
of effluents (CH4 and CO2). Twenty-one percent of all greenhouse gas emissions are at-
tributable to it. Acid rain is also caused by the re-release of NOx and SOx [9]. AIEs must first
undergo chemical and biological treatment due to their significant eutrophic and polluting
potential before disposal into the environment. AIE should therefore be carefully treated
with the intention of recovering, valuing, or removing the pollutant load before disposal.

AIE reclamation not only provides a remarkable volume of irrigation water, but also
contributes to mitigate/decrease water shortage, conserve potable resources, support the
agriculture sector, protects groundwater resources, and reduces the environmental impact
related to the effluent discharge into water bodies [10]. In light of the risk of climate
change and other environmental problems, AIE management strategies are changing.
AIE treatment is receiving much attention currently because of its potential to mitigate
pollution resulting from rapid industrialization and other anthropogenic activities. There
are numerous AIE treatment options available. However, to adhere to the legal restrictions
of release in sewer systems and/or in natural waters, continuously looking for cost-effective
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treatment procedures is required [4]. The methods of treatment might be based on both
traditional and cutting-edge technology, depending on the type and severity of the AIE.

The choice of a treatment method is influenced by the ability of streams to self-purify,
the allowable pollution levels in water bodies, and the commercial interests of various com-
panies [11]. Decolorization and COD removal from AIE have frequently been accomplished
using physical, chemical, and biological approaches. These include chemical precipitation,
cation surfactants, electrochemical techniques, reverse osmosis, coagulation, advanced
oxidation, membrane separation methods, solvent extraction, filtration electrolysis, bio-
logical technology, ultrafiltration, immobilization, and volatilization, among others [12].
Sadly, most of these technologies have drawbacks, including low efficiencies; high initial,
operational, and maintenance costs; crud formation; low selectivity and mass transfer
rate; high toxicity; operating complexity; large amounts of organic solvents; detrimental to
health; high energy demands; production of humongous sludge; low trace metal removal
rate; and negative environmental impacts [13]. For decolorization and COD removal from
AIE, biosorption-employing bioreactors are the most suitable approach out of all those
mentioned due to their accessibility, affordability, simplicity of processing, and high rate of
natural affinity to metal ions.

Biosorption process has gained attention recently for the treatment AIE. It has been
frequently utilized because of its high operational efficiency, reversibility, reusability, ease
of use, quick reaction, selective removal, effective regeneration, and minimized toxic sludge
formation. Because of the automated analytical methodologies used, the lack of an emul-
sion, the high enrichment ratio, and the safety, according to [10], biosorption is the best.
The effectiveness of biochar made from agricultural waste as a biosorption material has
been evaluated by wastewater professionals [8,9]. Those biotechnological advancements
may be advantageous for agro-based enterprises, both as a management strategy and from
the standpoint of resource usage in biorefineries [3]. The biochar is a solid, rich in carbon,
having a high surface area and great pore structure, and resistant to decomposition and
mineralization [14]. Owing to its strong sorption capacity for removing various contami-
nants from industrial effluents, it has drawn greater attention from researchers recently as
a multifunctional material for environmental applications [1]. Biochar creates an excellent
support material for biosorbents because of its unique physical and chemical characteristics.
However, commercial biochar is expensive. Therefore, building circular economies through
agro-waste redirection to achieve environmental sustainability objectives may be possible
through the creation of hybrid biosorbents made from agro-waste materials [15].

This study is aimed at treating AIE through combined activated sludge and biosorption
processes. The study prepares biochar by combining pulp and paper mill sludge (PPMS)
with palm-oil mill-effluent sludge (POMES) that results in hybrid waste sludge biochar
(HWSB) for contaminant biosorption. HWSB and AIE are synthesized and characterized.
The study uses RSM to optimize the efficiency of CFBS. Finally, decolorization, COD
removal, and biosorption biokinetics efficiency for AIE are examined.

2. Materials and Methods
2.1. Materials

The study employed highly pure chemicals and reagents. This includes hydrochlo-
ric acid (HCl), sodium hydroxide (NaOH), and buffer powder pillow (sodium phos-
phate/potassium phosphate) supplied by Avantis Laboratory (Ipoh, Perak, Malaysia).
The AIE used was sourced from a local mill in Gurun, Kedah, Malaysia. At this business,
biodegradable food packaging materials are created from rice husks and straws. It served
as a starting point for the creation of biochar. To avoid affecting the sludge moisture content
by the air-drying process, which would have caused the sludge to become anaerobic during
the aging phase, the sludge was kept in a well-covered setting. The Malaysian state of
Johor’s palm oil plant provided the POME sludge. Prior to first characterization, the sludge
underwent typical oven-drying to remove extra water.
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2.2. Bioreactor Experimental Set-Up and Biomass Acclimation

A 10 L aerobic AIE-fed bench-scale continuous flow bioreactor system (CFBS) was
used for the experiment. The bioreactors were attached to a 20 L capacity influent tank
via peristaltic pump. Figure 1 shows a schematic representation of the CFBS bioreactor
configuration. The CFBS bioreactor was run as-is with the addition of HWSB. Influent AIE
was constantly fed into the bioreactors. An air compressor delivered oxygen through a
ceramic membrane disperser that was put within the bottom of the bioreactor in order to
maintain the dissolved oxygen content at around 80% of the saturation value. The samples
were periodically collected, and the bioreactor’s functionality was continuously monitored.
The pH, COD, and color were constantly measured.

Figure 1. Bench-scale schematic diagram of (a) full set-up, and (b) diagram of main components
of CFBS.

The CFBS was inoculated with activated sludge (AS) obtained from the sewage treat-
ment plant (STP) at Universiti Teknologi PETRONAS (UTP), Perak, Malaysia. The charac-
teristics of the AS are highlighted in Table 1. Prior to the commencement of the experiment,
the AS was aerated for 3–7 days.

Table 1. STP’s activated sludge characteristics.

Parameter Mean Value

pH 7.14
Temperature (◦C) 27.42

TS (mg/L) 10,376
SS (mg/L) 8205

MLVSS/MLSS 0.87
Settleability (ml/L) 244.91

SVI (mL/g) 99.76



Separations 2022, 9, 258 5 of 21

2.3. HWSB Synthesis

The acquired PPMS and POMES used to make biosorbents were dewatered, and the
leftover material was then dried by air for 48 h before being roasted to dryness in an oven
for 24 h at 105 ◦C [13]. A 1:1 weight ratio of PPMS and POMES was used to create the
biosorbent material. After being agitated for an hour in an ultrasonic bath, the mixture
was dried overnight in an oven at 105 ◦C. One hundred grams of the dry material was
firmly packed within a tube with a diameter of 5 cm and a length of 25 cm to pyrolyze
the mixture (PPMS/POMES). For the purpose of positioning the PPMS/POMES, glass
wool was applied to both ends of the device. To rid the tube of oxygen prior to pyrolysis,
the sludge sample mixture in the tube was purged with nitrogen for 5 min. The tube was
afterward sealed and placed inside a furnace [8]. To make biochar, the furnace temperature
was set to rise 10 ◦C/min over the course of two hours until reaching 800 ◦C. The final
biochar (HWSB) was then allowed to cool at ambient temperature while being surrounded
by nitrogen gas. It was then washed with 1.2 M HCl and subsequently rinsed with distilled
water until the pH was neutral [16]. Then, it was dried for 24 h in an oven at 105 ◦C. Prior
to use, the HWSB was kept in sealed polypropylene sachets after being crushed, powdered,
and sieved to a particle size less than 150 µm.

2.4. HWSB Characterization

To characterize the HWSB, X-ray fluorescence spectrometry was used to evaluate the
components and specific surface area was determined. A Zeiss super 55 VP instrument
(Carl-Zeiss AG, Oberkochen, Germany) was used for field emission scanning electron
microscopy. HWSB was ground and mixed with spectrally pure KBr at a ratio of 1:100, and
it was pressed into a translucent sheet under a certain pressure. Fourier transform infrared
(FTIR) spectra were recorded using a FTIR spectrometer (NICOLET iS10, Thermo Scientific,
Waltham, MA, USA) in the 400–4000 cm−1 range, and the detector resolution was 4 cm−1

at 100 cycles.

2.5. Analytical Methods

The Standard Methods for the Examination of Water and Wastewater, and the analytical
procedures and laboratory tools described therein, were used in this study (American
Public Health Association, Washington, CA, USA). The DRB200 Reactor was used to digest
the AIE in order to measure the COD values in the influent and effluent samples. The
HACH DR3900 spectrophotometer was used to measure COD and color absorbance. A
HACH SensIONTM pH meter set was utilized for pH measurement. All measurements
were in triplicate and the CFBS performance efficiencies recorded.

2.6. CFBS Process Optimization by RSM for COD and Color Removal

The steps involved in optimizing the RSM approach were as follows: select inde-
pendent variables and a potential response; select an experimental design strategy; carry
out experiments and obtain results; fit the model equation to experimental data; obtain
response graphs and model verification (ANOVA); and, finally, choose the optimal condi-
tions. The RSM employed in this investigation was a CCD with two independent variables:
AIE concentration and HRT. Using Design Expert software (11 trial versions, Stat Ease,
Minneapolis, MN, USA), the design matrix was examined [6] and the optimization was
carried out to increase the elimination of COD and color. The effects of AIE concentration
on the removal of COD and ammonia were examined in the current work using a typical
CCD design with two variables. Eleven tests were carried out. Table S1 provides the CCD
for the variable in the specified range and level in terms of coded and real words; the
outcomes were then examined further [17]. Two dependent parameters, namely COD
and color removal, were evaluated as responses to achieve the ideal AIE concentration
and HRT.
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2.7. Models for Substrate Removal Biokinetic Analysis in CFBS System
2.7.1. First-Order Kinetic Model

In steady-state settings, when first-order kinetics is assumed to be dominant, the rate
of change in substrate concentration in CFBS can be expressed by Equation (1), as follows:

Sin − Se f

τ
= k1 Se f (1)

By plotting (Sin − Se f ) /τ versus Se f , the value of k1 can be calculated using the
line’s slope.

2.7.2. Grau Second-Order Kinetic Model

The model’s general equation can be expressed using Equation (2):

− dS
dt

= ks χ

(Se f

Sin

)2

(2)

By integrating Equation (2) and then linearizing it, Equation (3) can be obtained:

Sinτ

Sin − Se f
= τ− Sin

ks Se f
(3)

where ks = second-order contaminant removal rate constant, (1/d); (Sin − Se f )/Sin reflects
the efficacy of pollutant removal. It is denoted as ε. Nevertheless, Equation (4) occurs if the
second factor of the right section of Equation (3) is regarded as an allowable constant:

τ

ε
= c + d (4)

The slope and intercept of the line are generated by plotting τ
ε versus τ, where the

amount of c and d are constant values.

2.7.3. Modified Stover–Kincannon Model

Kincannon and Stover developed a model based on the premise that the rate of
substrate consumption is proportional to the rate of organic loading [18]. The modified
Stover–Kincannon model can be summarized as follows:

dS
dt

=
Q

vR

(
Sin − Se f

)
=

Umsr

(
QSin
vR

)
Kv +

(
QSin
vR

) (5)

Equation (5) can be linearized to produce Equation (6):(
dS
dt

)−1
=

vR

Q
(

Sin − Se f

) =
Kv

Umsr

(
vR

QSin

)
+

1
Umsr

(6)

By plotting vR
Q(Sin−Se f )

versus vR
QSin

, the slope and intercept are equal to Kv
Umsr

and 1
Umsr

,

respectively, where Umsr = maximum contaminant removal rate (g/L d) and Kv = saturation
value constant (g/L d).

3. Results and Discussion
3.1. AIE Characteristics

The AIE were subjected to a physicochemical examination, which revealed that it has
significant contamination parameters. The properties of AIE contaminants revealed a high
pH possibly caused by NaOH and Na2S residues remaining from the pulping process [19].
The concentrations for the influent AIE characteristics as obtained were 7.63 ± 0.0655 pH,
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26.1 ± 0.3728 ◦C, 1087 ± 24.9933 total dissolved solids (TDS), 709 ± 10.1980 total suspended
solids (TSS), 61.9 ± 2.7580 NH4

+-N, 0.48 ± 0.0245 nitrate, 154 ± 4.8990 total phosphorus
(TP), 5327 ± 6.6833 COD, 1547 ±7.1180 BOD5, (mg/L); 1996 ± 2.4495 Pt.Co., 178 ± 2.1602
nephelometric turbidity units (NTU). However, the concentrations of organic matter and
nutrients in the wastewater were higher than the permissible levels. It could be observed
that AIE has a high percentage of solids. The high COD concentration in the AIE discharges
could be resulting from the presence of high molecular weight chemical molecules [20].
The high color concentration in the effluent increased the toxicity of the effluent [21].

3.2. HWSB Analysis Result
3.2.1. Oxide Composition, Elemental Analysis, and Physical Properties of HWSB

The biosorbent chemical composition is 23.38% SiO2, 15.62% Al2O3, 9.63% SO3, 10.28%
CaO, 2.17% Fe2O3, 2.04% MgO, 0.88% MnO, 0.91% P2O5, 0.63% K2O, 0.87% Cl, 0.52% others,
and a 33.07% LOI. The HWSB studied in this study shares some chemical characteristics
with them. Table S2 lists the measured elemental composition of the HWSB. The main
components discovered to be present were Si, Al, C, O, K, and Cl. The high concentration
of Si and C observed in HWSB was caused by the presence of agro-industrial waste sludge;
all facilitated the formation of pores and, therefore, the process of biosorption. Table 2
highlights the pH, surface area, pore volume, radius, and size. The HWSB was discovered to
have larger specific surface area, more pores, and less surface-oxygen-containing functional
groups. Thus, its biosorption capacity became higher. The HWSB falls under the mesopores
category of materials. The HWSB’s enormous surface area may be related to the thermal
processing it undergoes and the type of waste biomass materials used. These two causes
caused a progressive increase in the hybrid material’s mean pore size.

Table 2. HWSB surface and structural properties.

Parameter Values

pH 7.48
BET surface area (m2/g) 327.09

Total pore volume (cm3/g) 0.462
Mean pore radius (Å) 85.10
Mean pore size (nm) 1.903

3.2.2. FESEM

In Figure 2, the micrographs of the HWSB surface morphology after pyrolysis (a and b)
are depicted. Energy dispersion spectroscopy was used to evaluate the image, which was
captured at a magnification of 1000–5000 times (EDS). The HWSB surface morphology
demonstrated that it was best used as a biosorbent to create microscopic cavities and
a loose spore-like surface. The FESEM also showed an unusual interconnected porous
nanoflake structure. The mesoporous slits between the adjacent nanoflakes were also
demonstrated [22]. The HWSB showed a sieve-like structure with uneven and remarkably
porous holes and lettuce-shaped honeycomb surfaces that were unlikely to combine into
potentially contaminant-trapping aggregates. This was evidence that the pretreatment re-
moved external fibers, increased surface area, and made cellulose accessible to enzymes [23].
Given their free-flowing nature and sharp edges, the HWSB particles readily gathered to
form porous and loose materials. The extremely small quantity of calcite that was found
in the matrix may have resulted from a CO2 and CH side reaction that occurred when
handling the sample. In addition, there were still vacant areas in the matrix that could be
used for the deposition of fresh hydration products [24].



Separations 2022, 9, 258 8 of 21

Figure 2. FESEM electron images at (a) 2 µm, (b) 1 µm for HWSB.

3.2.3. FTIR

The FTIR spectra of the HWSB biosorbents are shown in Figure 3. It has bands at
different heights: 3435.18, 1632.37, 1053.41, 832.15, 777.35, 564.67, and 460.46 cm−1. =C-H,
C-OH, C-O, Si-O, C=C, and C=O, were the functional groups and stretches that were
visible on the surface of HWSB, and they comprised either positively or negatively charged
ions [25]. The presence of =C-H stretch on the surface of the material was confirmed by
the peak at 3435.18 cm−1. The presence of the peak at 1632.37 cm−1 would indicate that
the aldehyde or ketone had undergone carbonyl (C=O) stretching, which results in the
creation of additional C=O and C-O functional groups. The presence of alcoholic groups
created a broad biosorption band in the HWSB sample at about 1053.41 cm−1. This was
caused by the depolymerization of the lengthy polymeric chain of the raw material [26].
The C-H bend is designated to be the cause of the biosorption bands from 564.67 to
832.15 cm−1. The presence of quartz (Si-O) functional groups is indicated by the biosorption
peak at 460.46 cm−1, which is primarily brought on by aromatic-carbon–carbon rocking
vibrations [27]. The biosorption of COD and color was mostly caused by the carboxyl and
hydroxyl functional groups.

Figure 3. FTIR spectra of HWSB after exposure to elevated temperatures.
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3.2.4. Proximate and Ultimate Analysis

To identify the HWSB chemical components prior to being used in the CFBS for
AIE treatment, the study investigated its pH and also performed ultimate and proximate
analysis. The proximate analysis was done promptly, and it offers a prediction of how
burning biomass would behave [28]. Results are shown in Table S3. The labile and stable
components of chars are represented by the VM and FC contents, respectively [29]. HWSB
has extensive ash, VM, and FC. This can lead to obtaining a high calorific value. The
resultant composite’s inorganic character was further demonstrated by its high carbon
content and high percentage of volatiles. The volatile matter from the meso-carp fiber
and alum sludge biochar may have been converted into FC during the carbonization
process, which could account for the high value for the FC [30]. The significant amount
of ash demonstrated the material’s effectiveness as an excellent biosorbent [31]. The
high ash content can be attributed to the retention of mineral components and loss of
volatile materials. The carbonization of the two biomass waste materials used in this study,
according to the results of the proximate analysis, improved the quality of the composite
that was created. Even though the volatile component was significant, part of it is claimed
to have been turned into gaseous products, and the HWSB had a considerable amount
of ash. The existence of much ash suggests poor combustion and longer burning times.
The durability of the biosorbent, which has a high SiO2 content, 23.38%, has been amply
demonstrated. To determine the elemental compositions, the HWSB was subjected to the
final analysis, the results of which are shown in Table S3.

3.3. Effect of AIE Concentration and HRT on COD and Color Removal
3.3.1. COD Removal

It is generally known that the majority of organic compounds, especially the soluble
compostable portion, are removed at the start of the reaction stage [32]. The effects of
HRT on the nitrification and denitrification processes are complex. The initial quantity
of nitrogen components found, HRT, biological floc volume, aeration rate, quantity, and
properties of the underlying organic substances are a few of the most important and
valuable aspects on these processes [12]. Figure 4 shows the profiles of influent and effluent
COD concentrations together with COD removal effectiveness in the CFBS. The data
showed that the COD elimination rate fluctuated over the course of acclimation for about
two weeks. Afterward, a little fluctuating steady state condition was achieved. Because at
a higher HRT, the level of aluminum’s anodic dissolution rises, leading to the production
of more precipitate and the removal of organics, COD removal efficiency rose steadily
after the addition of HWSB to the CFBS. During the first nine days of operation, the CFBS
showed a quick COD elimination rate with just a small amount of volatility, and after that,
a distinct steady state condition was noticed. Furthermore, the HRT showed effective COD
elimination capabilities. Numerous investigations have demonstrated that the clearance
efficiency typically declines significantly as the HRT increases. Additionally, they stated that
the low biodegradability of industrial effluents is confirmed by the low removal efficiency
(≤20%) of COD. Poor elimination of COD and color was the outcome of the treatment of low
biodegradable AIE. However, the removal efficiency was significantly improved by mixing
HWSB with CFBS. The maximum removal efficiency in this investigation was 76.52%, with
the average removal efficiency of COD in the CFBS being around 69.85%. According to
the study’s findings, the CFBS-HWSB performed relatively better in terms of stability than
other biosorbents. This might be explained by the notion that some biosorbents might be
somewhat less conducive to the suspension of biomass and the biosorption of contaminants.
Comparatively, a study by [33] showed that a consistently fed bioreactor with virgin car
wash wastewater achieved a peak COD removal efficiency of 87%. The outcomes were
notably better than the COD removal efficiency of 73.9% that was reported by [34] for
the biotreatment of car wash wastewater coupled with energy production in a hybrid
treatment unit.
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Figure 4. The experimental time course of CFBS in terms of COD concentrations and removal efficiency.

3.3.2. Color Removal

Color is also considered an organic contaminant in AIE. As a result, it is critical to
monitor how this element declines and is eliminated. Various writers have also found a
decrease in the color of AIE, although very few investigations have been tailored to environ-
mental and dietary circumstances [35]. According to the literature, AIE decolorization may
be significantly aided by sodium nitrate, an inorganic nitrogen source [36–38]. Ammonium
nitrate, on the other hand, may contribute negatively to color reduction (the inorganic
nitrogen source) [15]. The process of color change may also be affected by the reduction in
culture medium since the inoculum size may become even larger [39]. The color removal
efficiency profiles during the course of 229 days of uninterrupted operation are shown
in Figure 5. The minimum and maximum color removal efficiencies achieved by CFBS
were 52.71% and 66.97%, respectively. Compared to testing during the acclimatization
phase, at the same operational conditions, HWSB addition to the bioreactor offered sig-
nificantly higher removal efficiency, which signifies the role of HWSB in color removal.
In the HWSB-CFBS, ideal removal effectiveness was achieved at a 30% AIE concentration
and 2 d HRT. At low HRT, maximum removal efficiencies were often attained. Higher
HRT resulted in lower removal efficiency. The results obtained from the HWSB-CFBS
treatment system demonstrated that the elimination of color was caused by biosorption
and biological phenomenon [40]. The biosorbent (HWSB) has superior ability for removal
of several dissolved organic pollutants from AIE due to its high surface area, hydrophobic
surface, and broad variation in pore sizes. The results obtained from the HWSB-CFBS were
equivalent to the color removal efficiency of 61.93% obtained by [41] for the treatment of
paper mill effluent.
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Figure 5. The experimental time course of CFBS in terms of color concentrations and removal efficiency.

3.4. Optimization by RSM
3.4.1. Model Fitting and Statistical Analysis

The CCD of RSM was used to refine the parameters for optimum COD and color
biosorption on HWSB. The range (high and low) of the two variables examined was selected,
and the maximum percentage elimination of COD and color was sought as depicted in
Table S4. The levels of these independent variables in terms of coded factors are shown in
Table S5. In the bench-scale CFBS, AIE treatment was carried out. RSM was used to assess
the experimental data and create an empirical model of the responses [42]. The polynomial
equations obtained for COD and color reduction are presented in Equations (7) and (8) for
CFBS, as follows:

COD removal (%) = +72.52 − 5.33A − 3.80B + 1.92AB − 7.07A2 − 1.96B2 (7)

Color removal (%) = +64.92 − 1.95A − 1.37B + 1.14AB − 8.99A2 + 0.3163B2 (8)

where A and B are the coded values of the test variables, AIE (A) and HRT (B).
The best conditions were attained at 30% AIE concentration and a 2-day HRT for the

largest percentage of COD and color elimination. The maximum COD and color removal at
these optimal circumstances was estimated to be 76.52% and 66.97%, respectively. In Table 3,
which represents the modified model equation in terms of coded and real components, the
final equation derived for COD and color elimination is given in terms of actual factors.
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Table 3. Final equation in terms of actual factors for CFBS.

COD Removal = Color Removal =

+70.11561 +55.01228
+0.602719 AIE +1.13805 AIE
+1.15640 HRT −4.33443 HRT

+0.096000 AIE × HRT +0.056750 AIE × HRT
−0.017684 AIE2 −0.022484 AIE2

−1.95868 HRT2 +0.316316 HRT2

3.4.2. Three-Dimensional Response Surface Plots

Three-dimensional response surface plots for the measured responses were created to
better understand the effect of independent factors and their relationships on the dependent
variable [43]. Figure 6a–d show the % COD and color removal as a function of AIE
concentration and HRT as 3D response surface plots. The curved part of the 3D figure
indicates that the elimination of COD and color were discovered to have an almost positive
interaction effect on these two variables. The elimination of COD and color in this study
increased as AIE concentration grew (from 10% to 30%) with an increased HRT from 1 to
2 days. However, as AIE concentration climbed further (to 50%), the removal of COD and
color began to decline. This could be because of the small number of biosorption sites [20].

Figure 6. Contour and surface plot for the removal of (a,b) COD and (c,d) color from the CFBS system.

In this investigation, when a circular 3D response of the surfaces was discovered, the
interaction between the related variables was minimal. The pattern of the surface curves
demonstrates how the variables interact. The HRT sharp curve indicates that COD was
highly susceptible to this issue. The perturbation plot displays how the factors’ relative
influences on the response vary. The elliptical shape of the contour in each graph represents
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how all the variables interact with one another [44]. The surface contained in the smallest
ellipse in the contour diagrams indicates that there was a maximum projected drop in COD
and color. Figure 7 displays the plots of all the projected values of the answers versus their
actual values (a–d). The figure demonstrates that there was a strong correlation amongst the
experimental and predicted values in the plots’ ranges for all the sites along the straight line.

Figure 7. Plots of residuals and predicted versus actual plots of CFBS for COD (a,b) and color
(c,d) removal.

3.4.3. Analysis of Variance (ANOVA)

Table 4 displays the ANOVA for the projected response-surface quadratic model
without the nonsignificant model terms. The table provided the F value and accompanying
p values. For COD and color decrease, the Fisher/model F-values for all regressions were
high. Large values of F show that the model was significant, and the regression equation
can explain most of the response variation [45–47]. The quadratic regression model’s
ANOVA shows that it is significant.

In the CFBS bioreactor, the model F-values of 6.33 and 8.47 confirm that the model is
significant, and for the elimination of COD and color, respectively, there is only a 3.20%
and 1.75% chance that an F-value this large could occur owing to noise by experimental
errors. The significance of the model terms is shown by the values of “Prob > F” 0.0500.
In this instance, the terms for the removal of color are A, B, and A2, while A is the only
important model term for the removal of COD.

If the result is more than 0.1000, the model terms are not significant. The lack-of-fit
F-values for COD and color elimination, respectively, are 0.46 and 12.73, which indicate
that the lack of fit is not significant in comparison to pure error and that there is a 74.06%
and 7.37% possibility that noise might be the cause of such a huge lack-of-fit F-value. The
reduction ramps and desirable COD and color removal solution produced by a design
professional utilizing modeled parameters following optimization are shown in Figure 8.
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The optimization ramp for AIE concentration and HRT shows the desirability of the
independent variables. Therefore, if the value is more than 0.1000, each dot on the ramp
indicates the targeted variable and response behavior target [48].

Table 4. ANOVA by RSM for COD and color removal efficiencies in CFBS.

COD
Sum of
Squares df Mean

Square F-Value p-Value

Model 438.63 5 87.73 6.33 0.0320 significant
A-AIE conc. 170.24 1 170.24 12.29 0.0172

B-HRT 86.56 1 86.56 6.25 0.0545
AB 14.75 1 14.75 1.06 0.3495
A2 126.76 1 126.76 9.15 0.0292
B2 9.72 1 9.72 0.7017 0.4404

Residual 69.25 5 13.85

Lack of Fit 28.17 3 9.39 0.4570 0.7406 not
significant

Pure Error 41.09 2 20.54
Cor Total 507.89 10

Color
Sum of
Squares df Mean

Square F-Value p-Value

Model 255.91 5 51.18 8.47 0.0175 significant
A-AIE conc. 22.81 1 22.81 3.78 0.1096

B-HRT 11.21 1 11.21 1.85 0.2314
AB 5.15 1 5.15 0.8527 0.3982
A2 204.91 1 204.91 33.91 0.0021
B2 0.2535 1 0.2535 0.0419 0.8458

Residual 30.21 5 6.04

Lack of Fit 28.71 3 9.57 12.73 0.0737 not
significant

Pure Error 1.50 2 0.7519
Cor Total 286.12 10

Figure 8. Optimization desirability in ramps for the CFBS system.
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3.4.4. Fit Statistics

The model fit summary for the quadratic model for both pollutants is shown in Table 5.
R2 was found to be higher than 0.86 for both responses. This suggests that the experimental
data’s prediction was very accurate [49]. Typically, the higher the CV number is, the more
reliable the experiment [42]. Here, a higher value of CV (>4) for the two replies denotes a
sufficient signal and improved experiment reliability, both of which are desired. The COD
and color present ratios of 6.6400 and 6.9550, respectively, suggesting a sufficient signal.
The design space can also be explored using this technique [50].

Table 5. Fit statistics.

COD Color

Std. Dev. 3.72 2.46
Mean 67.59 60.19
C.V. % 5.51 4.08

R2 0.8636 0.8944
Adjusted R2 0.7273 0.7888
Predicted R2 0.4222 0.2790

Adeq. precision 6.6396 6.9549

The statistics for model comparison are described in Table 6. When all other factors are
maintained constant, the anticipated adjustment in response for each corresponding change
in factor value is shown by the coefficient estimates in Table S5 In an orthogonal design, the
intercept is the mean response over all runs [51–54]. The coefficients alter the average in its
vicinity depending on the factor values. The VIFs are 1 when the factors are orthogonal.
The VIFs are greater than 1 when the factors are multicolinear. The severity of the link
between the components increases with the VIF. In general, VIFs < 10 are acceptable.

Table 6. Model comparison statistics.

COD Color

PRESS 293.44 206.29
−2 Log Likelihood 51.46 42.33

BIC 65.84 56.72
AICc 84.46 75.33

3.5. Biokinetic Models for AIE Treatment in the CFBS
3.5.1. First-Order Model

In essence, the first-order kinetic model depicts how changes in HRT affect system
efficacy. Trying to orchestrate the average specific substrate removal rate against the
average effluent COD in this study, which matched the bioreactor’s organic matter removal
biokinetics, allowed for the determination of the slope of the graph (k1). Upon calculating
the first-order biokinetic model coefficients k1 and R2, the slope of the line at steady-
state was used to plot (Sin − Se f ) /τ and Se f in Equation (1). As seen in Figure 9, the
relationship between (Sin − Se f )/τ and Se f created a straight line. The k1 and R2 constants
for COD elimination in the CFBS were discovered to be 2.5836 and 0.2024, respectively.
The first-order model seems unable to effectively forecast COD elimination efficiency, as
evidenced by the low R2 values for the CFBS. As a result, it cannot be administered with
sufficient precision. The degrading capacity of the microorganism increases with increasing
k1 values [55]. However, first-order kinetics had a low k1 value. The first-order model
constant in the current study was tiny, but it was nevertheless higher than the figures
provided by several other studies. Variations in operating conditions and effluent type
may be the cause of variations in k11 levels. The AIE used as feed was substantially more
biodegradable, as seen by the higher k1 values. As a consequence, the experiment’s findings
do not support this theory. This indicates that the biokinetics of CFBS could not be entirely
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or partially explained by the first-order model. These findings agree with those of [29], who
estimated k1 to be 1.09 per day with a correlation coefficient of 0.521. Similar to this, a study
by [56] produced coefficients of 1.135 and 0.24 for k1 and R2, respectively, after constructing
first-order graphs. As a result, the model’s performance in terms of R2 was outstanding.
This might be a result of the study’s consideration of several other operating parameters.

Figure 9. First-order kinetic plot of COD for CFBS.

3.5.2. Modified Stover–Kincannon Kinetic Models

Throughout this work, the biokinetic coefficients were calculated by plotting vR
Q(Sin−Se f )

versus vR
QSin

(see Figure 10). The coefficients are essential in determining how much wastew-
ater and how fast a bioreactor can process it. The coefficients obtained can also be used
to determine the amount of CFBS needed to produce the desired concentration of effluent
substrate. The relationship between loading rate and particular substrate utilization rate for
each concentration is shown as a straight line in Figure 10. The saturation value constant
(Kv) and maximum utilization rate (Umsr) for COD removals were calculated from the line
indicated on the graph. The R2, Kv, and Umsr values for COD in the CFBS were, respectively,
0.9741, 185.3 g/L.d, and 0.8971 g/L.d. Numerous AIE have been discovered to be applica-
ble to the model total loading technique. The high Kv value shows that the CFBS managed
the AIE extremely well. The UAF used has limited capability in handling high-strength
effluent, nevertheless, as evidenced by the low value of Kv obtained by [57]. The close
values between Umsr and Kv indicate that system efficiency decreases as the organic loading
rate increases. The Stover–Kincannon model was used to forecast the behavior and design
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of the upflow aerobic immobilized biomass (UAIB) reactor [34]. The measured values
of Kv and Umsr were 106.8 g/L/d and 101.0 g/L/d, respectively. These data show the
highest substrate removal by aerobic organisms versus time and the substrate removal by
microorganisms through time.

Figure 10. Modified Stover kinetic plot of COD for CFBS.

3.5.3. Grau Second-Order Model

Output of the evaluation using Equation (4) is displayed in Figure 11 and used to
determine the biokinetic coefficients. The slope and intercept of the straight line were used
to calculate c and d, respectively. For COD elimination in CFBS, the c and d values were
0.1075 per day and 1.1625, respectively. The biomass concentration in the CFBS and the
influent COD concentration define the kS value. It rises as substrate removal efficiency
improves. In this study, the kS values for COD were 0.1062 per day. In a research by [58],
the kS, determined was 3.582 per day. The coefficient of correlation (R2) of the plot for
COD, NH4

+-N, and TP removal was 0.9985, 0.9982, and 0.9980 respectively. Similarly, A
and B were found to have exceptional (R2) 0.995 correlation coefficients with values of
0.047 and 1.007, respectively. Earlier studies have shown that the COD second-order model
constants for treating industrial wastewater with ammonia were ks = 10−5. The model’s
characteristics and the values of the coefficients indicate a strong correlation coefficient
(R2 = 0.97). The results ascribed to this model fit the ammonia data well [44].
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Figure 11. Second-order kinetic plot of COD for CFBS.

4. Conclusions

Agro-industries effluents with high COD and color concentrations discharged into the
ecosystem affect aquatic life, human health, and visual intrusion. Thus, the AIE requires
treatment prior to discharge. Therefore, the effectiveness of CFBS in the treatment of AIE
using HWSB was investigated. The prepared HWSB performance was assessed in terms of
COD and color removal efficiency and rate constant. During the evaluation, the influence of
AIE concentration and HRT on CFBS performance was investigated. The use of CFBS with
HRT of 1–3 days and 10–50% AIE concentrations was adopted in experiments based on a
statistical design. For experimental design, optimization, and analysis, RSM was used. The
performance of CFBS was analyzed in terms of COD and color removal. Findings indicated
76.52% and 66.97% reduction in COD and color, respectively. Maximum contaminants
elimination was attained at 30% AIE and 2-day HRT. Thus, the results obtained from CFBS
containing HWSB demonstrated that the system’s better performance in the elimination of
COD and color resulted from the combined biological and biosorption phenomena. Three
distinct kinetic models were used in the study to assess the different processes, and the
modified Stover model exhibited the best match with a respectable R2 value of 0.9741 for
COD. It was discovered that the kinetic rate of biosorption was influenced by internal
surface diffusion on the adsorbent’s solid surface together with the film diffusion and
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biosorption rate. Generally, biochar has an advantage in removing COD and color from
AIE due to its high surface area, huge spectrum of pore size dispersion, and hydrophobic
surface. Therefore, combined with optimal bioreactor design, this method may have some
beneficial industrial-scale applications as a tertiary treatment in the current system of AIE
treatment for COD and color removal.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations9090258/s1, Table S1: Experimental Design Matrix and
Results for COD and Color removal; Table S2: Elemental analysis of HWSB; Table S3: Ultimate and
proximate analysis for HWSB; Table S4: Experimental Design Matrix and Results for COD and Color
removal; Table S5: Coefficients in Terms of Coded Factors for the responses.
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