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Abstract

Biochar has been widely recognized as an environmentally efficient adsorbent for removing heavy metals in wastewater.
In this study, an Al(OH);-modified sugarcane bagasse biochar (MSCB) was first prepared under slow pyrolysis at 350 °C
to enhance the removal efficiency of cadmium (Cd**) from aqueous solution. Fourier-transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM-EDX), and
Brunauer—Emmett—Teller surfaces (BET) were used to interpret the characteristics of the biochar. The Box-Behnken design
(BBD) was utilized to define the optimum conditions, including pH, Cd** concentration, and time of each experimental run-
through response surface methodology (RSM). ANOVA analysis indicated a strong positive correlation and the estimated
correlation coefficient values (R* 0.9069) closely aligned with the adjusted value (R? 0.9865), providing strong evidence of
a highly significant model for Cd** adsorption. Additionally, the applicability of this model was assessed using the F-test
(131.27) with a correspondingly low probability value (0.0001). The adsorption data better fitted the pseudo-second-order
kinetic model and Langmuir isotherm model suggested a chemisorption mechanism. The optimum Cd** adsorption of 87.8%
was achieved after 60 min, at pH 8, and Cd*" initial concentration of 20 mg /L. Thermodynamic parameter suggests that
the system is spontaneous and endothermic. Therefore, MSCB exhibits great potential for application in the remediation of
wastewater containing Cd>" as a low-cost and eco-friendly adsorbent.
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1 Introduction

Heavy metals have found extensive applications in many
industries to keep up with current technologies because of
their structural diversity [1]. Heavy metal pollution is a sig-
nificant environmental concern because heavy metals are
highly toxic, bioconcentrated, and non-biodegradable [2].
These heavy metals accumulate in organisms after ingo-
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ing the environment due to their non-degradable abilities,
which can lead to numerous cancers and other disorders
[3-5]. On the other hand, water contamination and lack of
fresh water are the current main global environmental chal-
lenges brought on by human activity [6]. In both inorganic
and organic aquatic environments, cadmium (Cd>") exists
in various chemical and physical forms, including particle,
colloidal, and dissolved forms [7]. It is an unneeded ele-
ment in the human body and typically appears as a mineral
alongside other elements, such as oxygen and sulfur [8, 9].
However, Cd*" is the most frequently hazardous heavy metal
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abundantly found in the environment, posing a considerable
threat to human health [10, 11]. Due to its high toxicity, it
is classified by the European Union as a chemical with a
high risk of cancer [12]. It causes severe and irreversible
harm to the human body, such as osteoporosis, renal failure,
metabolic problems, neurological damage, liver cirrhosis,
kidney failure, bone damage, emphysema, anemia, and can-
cer [13—17]. As a result, the quest for green, cost-effective
remediation technologies that can remove it efficiently and
affordably has become an essential requirement to protect
the natural environment and improve water quality. A wide
range of technologies is now being utilized to eliminate
heavy metals from water, such as adsorption, membrane sep-
aration, capacitive deionization, precipitation, and biological
methods [18-23]. However, most of these techniques have
significant drawbacks that prevent widespread deployment,
such as high costs, poor efficiency, a laborious implemen-
tation procedure, and the creation of secondary pollutants
[24]. Adsorption is an eco-friendly, highly effective, easy-to-
use, cheap, and simple method for eliminating heavy metals
from water. It also has a considerable adsorption capacity
[25-28]. Although a range of natural and artificial materials
have been extensively used as adsorbents, the development
of affordable, highly effective, and sustainable adsorbents
continues to be the primary concern for guaranteeing the
safety of the world’s water environment [29-31].
Currently, biochar and agricultural waste serve as cost-
effective and energy-efficient adsorbents, and they have been
employed successfully to treat polluted wastewater [32].
Biochar, a solid residue produced from the thermal decom-
position of biomass, has significant promise for address-
ing environmental issues. This is owing to its wide range
of source materials, abundant functional groups, highly
porous structure, vast surface area, and high capacity for
ion exchange [33-35]. However, applying raw biochar, gen-
erated directly from biomass pyrolysis, is hampered because
its surface area, functional groups, and ion exchangeabil-
ity are generally limited. Several approaches are used to
improve the raw biochar’s ability to adsorb heavy metals to
overcome this issue [36, 37]. Engineered biochar (EBC) is
biochar that has been altered using pre- or post-treatment
procedures, such as chemical, biological, or physical pro-
cesses to enhance its capacity to remove or immobilize envi-
ronmental containments [38—40]. One of the best methods
for functionalizing biochar is chemical modification, which
includes acid/base treatment [41], chemical oxidation [42],
and impregnation with mineral oxides [43]. Studies have
shown that aluminum (Al) hydroxide/oxide on the surface
of adsorbents can enhance the selectivity and efficacy of
different pollutants removal in aqueous solutions [44-52].
Despite the exceptional contaminant removal capabilities of
metal oxide/hydroxide-loaded EBCs, there has been limited
systematic investigation into the influence of feedstock type,
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metal cation type, and loading on the Cd** adsorption effi-

cacy of EBCs [53]. Agricultural waste, animal manure, and
municipal waste are among the common raw materials cur-
rently being used in biochar production, and they are based
on source universality and cost-effectiveness [54].

In several countries, sugarcane (Saccharum officinarum)
is an extensively grown tropical plant species that makes
up a significant fraction of the sugar industries in the world
[55]. Among many types of agricultural waste, sugarcane
bagasse (SCB), in particular, offers the benefits of being
widely available, inexpensive, and biodegradable. It con-
tains around 42% cellulose, 25% hemicellulose, and 20%
lignin [56]. Thus, bagasse can be utilized as a raw material
instead of typical fossil fuels in producing carbon products,
reducing the use of nonrenewable resources. Additionally,
by realizing the transformation of waste into health, a signifi-
cant amount of SCB waste can be used effectively to reduce
environmental contamination brought on by inappropriate
agricultural waste disposal [57]. Recent evaluations have
advocated for the utilization of sugarcane bagasse, both in
its raw and processed states, for the elimination of diverse
aqueous contaminants [38, 58—62]. Nonetheless, sugarcane
bagasse biochar has been insufficiently investigated, and
according to the authors’ study, it represents a novel mate-
rial for cadmium adsorption. This adsorbent is cost-effective
and practical due to its affordability and availability as agri-
cultural waste. It is regarded as a sustainable and efficient
alternative technology. It possesses less operational and pro-
duction expenses alongside elevated therapy efficacy.

Despite the existing research on biochar as an adsorbent
for heavy metal removal, very few comprehensive studies
focusing on the optimization of bagasse-derived biochar
specifically for efficient Cd>* adsorption, emphasizing the
need to fill this research gap and provide insights into the
practical implementation and scalability of this eco-friendly
solution. RSM is viewed as a powerful mathematical and
statistical technique for designing experiments, construct-
ing models by analyzing the effect of numerous operating
factors by modifying them simultaneously [63]. The major
purpose of RSM is to acquire the optimum operating condi-
tions in a short time with a restricted number of experiments
[64-67].Magnetically modified iron oxide immobilized bio-
char adsorbent using Juglans regia shells and investigate its
adsorption capacity for Cu?* and Ni** removal from syn-
thetic wastewater contaminated with metals by applying
Box-Behnken design [68]. Response surface methodology
(RSM) has been effectively employed in previous studies to
optimize adsorption processes, such as the removal of Cu*
ions using pottery sludge, where the Box-Behnken design
was utilized to analyze equilibrium, kinetic, and thermody-
namic data [69].

This study aims to assess the efficacy of aluminum
hydroxide (AI(OH);)-modified biochar, sourced from
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sugarcane bagasse, in the effective extraction of cadmium
ions (Cd**) from aqueous solutions by using response sur-
face methodology (RSM), which relies on the Box-Behnken
Design (BBD) to discover the ideal conditions for maximum
cadmium removal. An investigation was conducted to exam-
ine the impact of pH, initial concentration of Cd?*, and dura-
tion on the efficacy of Cd** adsorption by modified biochar.
The study also examined the kinetics, thermodynamics, and
adsorption isotherms. This research contributes to the field
of environmental science by providing a viable solution for
cadmium removal, promoting sustainability, and enhancing
the value of agricultural waste.

2 Materials and methods
2.1 Feedstock and chemicals

Sugarcane bagasse (SCB) was obtained from a local market
located in Sahrajt Al-Kubra village, Daqahliya State, Egypt,
at coordinates 30°3821.5"N 31°16'56.1"E. Before oven
drying, the bagasse was immersed and cleansed in distilled
water. The drying process lasted for 24 h at a temperature of
80 °C. Subsequently, the bagasse was crushed into particles
with sizes ranging from 0.1 to 0.2 mm. The SCB was com-
pressed and stored in airtight polythene bags for future use.
All substances used in this experiment were of analytical
grade. A solution of cadmium was formed by dissolving it
in distilled water, resulting in a concentration of 1000 mg/L.
The addition of distilled water led to different amounts of
Cd>*. To change the pH, acid and base solutions with 0.1 M
HCI and NaOH were prepared, respectively.

2.2 MSCB preparation

A specific quantity of powdered bagasse was submerged
overnight in 200 mL of a 5% (w/v) Al (OH) ; solution at
room temperature. The mixture was oven-dried at 90 °C and
then placed in an oxygen-free muffle furnace at 350 °C for
60 min [70]. The reactor’s temperature was systematically
raised at a constant rate of 10 °C per minute. After the pyrol-
ysis process was completed, the reactor was allowed to cool
down to the temperature of the surrounding environment,
and the modified sugarcane bagasse biochar (MSCB) was
collected and used in further analysis/experiments (Fig. S1).

2.3 Adsorbent characterization

The surface morphology of MSCB was examined using an
energy-dispersive X-ray spectrometer (EDX) and scanning
electron microscopy (SEM) both before and after adsorption.
The material’s principal functional groups were identified
using (FTIR) spectrophotometer (Thermo-Scientific, Nicolet

1S50, USA) both before and after the transformation. The
Rigaku MiniFlex 600 diffractometer was utilized in X-ray
diffraction (XRD) investigations, where Cu Ka radiation
was employed. BET test was engaged to precisely evaluate
the surface area, pore volume, and pore size distribution.
Furthermore, a nitrogen adsorption/desorption experiment
was conducted at a temperature of 77 K utilizing a Quan-
tachrome Nova Touch LX2 analyzer model.

2.4 pH;, of prepared MSCB

The salt addition method was employed to ascertain point of
zero charge (pHp, ) of MSCB [71]. More precisely, 40 mL
of sodium nitrate (0.1 M) was gathered and distributed
evenly among eight separate Erlenmeyer flasks. The pH was
modified within the range of 3 to 10. Subsequently, 0.02 g
of MSCB was introduced into each flask and well-mixed
overnight at 150 rpm under a temperature of 30 °C. Once
equilibrium was reached, the contents were subjected to fil-
tration, and the pH of the resulting filtrates was measured.
The MSCB pHy, value, which represents the pH at which
the adsorbent’s overall surface charge reaches neutrality, was
established by plotting the initial pH against the subsequent
pH reduction.

2.5 Adsorption experiment

The produced adsorbent was utilized for Cd** adsorption.
The studies were carried out in batch mode, where the adsor-
bent (MSCB) was combined with cadmium solution in an
Erlenmeyer conical flask. The following equations were
used to compute the removal efficiency (R%) and adsorp-
tion capacity (g,, mg/g):

Co—C,

R(%) = @ e))
CO - Ce
w

de = XV 2

The variables in the equations are as follows: W repre-
sents the mass of adsorbent utilized in grams (g); V repre-
sents the volume of the reaction solution in liters (L); and Co
and Ce represent the initial and final concentrations of cad-
mium in milligrams per liter (mg/L), respectively. Using the
RSM (Sect. 2.6), the adsorption parameters pH, cadmium
concentration, and time were optimized. Cd** adsorption
kinetics, isotherms, and thermodynamic investigations were
carried out at optimized conditions. The starting concentra-
tion was varied from 10 to 80 ppm to record the adsorption
isotherms. Similarly, the contact period was varied from 15
to 480 min for the kinetics investigation. The adsorption
thermodynamic studies were conducted at three distinct
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temperatures: 298, 313, and 328 K. The adsorption experi-
ment was carried out with optimized adsorption parameters.
Before the final concentration analysis, all samples under-
went filtration using a 0.45-um filter. A nuclear adsorption
spectrophotometer (Perkin-Elmer 2380) was used to meas-
ure the Cd** percentage in the filtrates.

2.6 Box-behnken experimental design

Cd**" removal efficiency was optimized using a facto-
rial experimental approach. The performance of the Box-
Behnken design (BBD) is optimal for a three-factor response
surface methodology (RSM) problem. The parameters in
this investigation were pH, initial Cd** concentration, and
adsorption time. Three levels — high (1), middle (0), and
low (—1) — were assigned to the components, which were
referred to as A (pH), B (Cd** concentration), and C (time).
Modeling and analysis with (RSM), a set of statistical and
mathematical techniques for creating experiments with mul-
tivariate components, was used to modify the response val-
ues. BBD model was employed in this work to explore the
effects of pH (A, 4-8), Cd** concentration (B, 20-80 mg /L),

Table 1 Experimental level of independent variables for Cd**
adsorption using Box-Behnken design

and time (C, 30-90 min) on the removal of Cd** by utilizing
a constant amount of 0.1 g of MSCB (Table 1). The response
value was the Cd** adsorption efficiency (R%). In total, 17
runs for a three-parameter experimental design were carried
out at the individual and combined impacts of various con-
ditions on adsorption efficiency. ANOVA statistical analy-
sis was performed with Design Expert 13 to evaluate the
model’s relevance and significance. The model’s statistical
significance was determined using the F-value and P-value
0.05 at the 95% confidence range.

3 Results and discussion
3.1 Point of zero charge

The pHpy is the pH at which the functional group does
not participate in adsorption. The preferability of the
adsorbed cations is greater than pH values higher than
the pHpy [72]. Based on the calculation, the adsorbent’s
(pHp) was determined to be 7.25, suggesting that it had
certain alkaline characteristics (Fig. 1). When the pH of
the solution containing the substance to be adsorbed
dropped below the point of zero charge (pHp,c), the sur-
face charge of the adsorbent became positively charged.
Nevertheless, when the pH exceeded the point of zero

Independent variables Symbol Coded levels charge (pHpyc), the surface charge of the adsorbent turned
-1 0 +1 negative [73]. Consequently, the surface charge of the
MSCB was positively charged in acidic conditions, lead-
pH2+ ) Xi 4 6 8 ing to a decrease in the absorption of Cd>*. A pH level
C'd COI’TCCn[ratIOH (mg/L) %, 20 50 80 above 7.25 in the solution containing the substance being
Time (min) X 30 60 %0 adsorbed resulted in a negative charge on the surface,
Fig. 1 Point of zero charge of
the MSCB
2.0 1
1.5 -
1.0 1 °
s
w 0.5
1
I
2' 0.0 T T T T L 6’ T T T 1
1 2 4 5 6 8 9 10 11
o
-0.5 1
-1.0 4
0 ° ¢
-1.5 -
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leading to an increase in adsorption of Cd**. Moreover,
an increased pH level can modify the chemical makeup
of the functional groups, hence impacting the adsorption
process [74-78].

3.2 Characterization of sugarcane bagasse-derived
biochar

3.2.1 SEM analysis

The surface morphology of MSCB was examined before
and after cadmium adsorption (Fig. 2). SEM scans indi-
cated that the surface of MSCB, initially coarse, became
fairly smooth following the adsorption of Cd**. This
occurs because when MSCB undergoes pyrolysis at a des-
ignated temperature, it transforms into biochar character-
ized by a porous structure. This porous biochar possesses
an increased surface area, hence augmenting its capacity
to absorb pollutants [79]. The SEM scans indicated that
MSCB exhibited numerous holes and pores on its sur-
face, potentially increasing active sites for adsorption.
The surface morphology of MSCB was irregular, coarse,
and heterogeneous, featuring prominent voids that were
extensively dispersed across the MSCB surface as a result
of the modification of a polymeric matrix with aluminum
hydroxide. A substantial amount of debris is observed in
the MSCB SEM image, which formed pores in the biochar
that facilitate the ingress of heavy metal ions. Numerous
crystal particles are detected to have formed on the bio-
char surface in the SEM image of MSCB after adsorption,
as depicted in Fig. 2b, and EDX analysis indicates that
these particles contain Cd>* elements.

3.2.2 EDX analysis

The results demonstrated that Cd** in solution may be
adsorbed into MSCB by surface chemical adsorption.
The EDX spectra and element analysis of MSCB and
MSCB + Cd>* are given in Fig. 3. As can be observed from
Fig. 3, MSCB contains C, O, Al, K, Ca, and Mo elements,
while the spectra of MSCB +Cd** demonstrate the existence
of Cd** and that means the success of adsorption process.
Following adsorption, the K element content decreased from
0.69% in MSCB to 0% in MSCB + Cd**. In comparison, the
Mo element content decreased from 1.66 to 0%, indicating
that K and Mo had an ion exchange reaction with Cd** and
transferred Cd** elements from water to biochar. Further-
more, the EDX analysis showed a general minor elevation
in the elemental contents of C and O of the MSCB after the
adsorption of Cd**. This observation reconfirmed the load-
ing of cadmium molecules on the surface of the MSCB by
adsorption mechanism.

3.2.3 BET analysis

The BET surface area of biomass-derived biochar is affected
by various factors, including the composition of the par-
ent biomass, the heating rate during the pyrolysis process,
and the pyrolysis temperature itself. The present study
detected that the MSCB prepared at a pyrolysis tempera-
ture of 350 °C exhibited a surface area of 15.17 m*/g. The
BET and N, adsorption—desorption isotherms of MSCB are
shown in Table 2 and Fig. 4. The result reflects a relatively
high surface area of MSCB compared to the surface area of
SCB (4.70 m? /g); MSCB and SCB have an average pore
size of 7.87 nm and 11.31 nm, respectively, making them
mesoporous and appropriate for adsorption materials [80].

(b)

Fig.2 SEM image of modified sugarcane bagasse biochar (MSCB) before (a) and after (b) adsorption
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Fig.3 EDX image of MSCB before (a) and after (b) adsorption

Table 2 BET analysis of SCB and MSCB 3.2.4 XRD analysis
Material BET surface area  Total pore volume  Average .
m? /g) (cm® /g) pore size The XRD pattern of MSCB before and after adsorption
(nm) is presented in Fig. 5 showing numerous sharp and dis-
MSCB 15.17 0.06 787 .02°, 63.22°, an .42°. These sharp peaks reflect tha

the MSCB was more crystalline and less amorphous. The
prominent peak between 20 and 30° of MSCB indicates
disordered carbon with high carbon content, correspond-
ing with the morphological surface from the SEM picture
[80]. The characteristic peaks of XRD after adsorption
indicated the presence of C, Al,O5, and Cd H,0, (Card

(a) (b)
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Fig.4 BET analysis of MSCB for N, adsorption—desorption isotherms and pore size distribution
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Fig.5 XRD pattern of MSCB before and after adsorption

Number: 9012590, 1,200,005, and 2,310,422), respectively.
The adsorption process occurred primarily on the materi-
al’s surface without significantly altering its internal crystal
structure, as indicated by the similarity in XRD peaks before
and after adsorption. This can shed light on the adsorption
mechanism and the adsorbent material’s stability as the pro-
cess progresses. Scherrer equation Eq. (3) measured crystal-
line size as 23.64 nm.
The Scherrer equation is given by:

kA
"~ Bcos(6) 3

where D =crystallite size, K = shape factor (0.9), 1=wave-
length of the X-ray radiation (0.15406 nm), f=FWHM of
the peak (in radians), and @ Bragg angle (in radians).

3.2.5 FTIR examination

FTIR was conducted to detect distinct functional groups
current on the adsorbent before and after modification. As
shown in Fig. 6, the MSCB before and after modification
shows peaks at 3700 cm™~!, which signify the (O-H) stretch-
ing vibration of hydroxyl and carboxyl oxygen-containing
functional groups. Similarly, 2850-3000 cm™! peaks indi-
cated the presence of saturated alkane (C—H). In addition,
FTIR peaks detected at 2210 cm™! may be attributed to the
stretching vibration of esters, aldehydes, and carboxylic
acids C-O groups, while the peaks at 1810 em~!, 1600 cm™!,
1500-1410 cm™', 1310 cm™, 1270 cm™", 1150 cm™,
1110-1070 cm™, and 971-739 cm™! showed the presence
of (C=0), (C=C), (C-0), (CH,),(-CO), (C-0-C), and aro-
matic ring of organic compounds (C—H). 638 cm™! would
be halogen groups. The peaks of 3000 cm™! and 971 cm™!

Transmittance (a.u)

—— After adsorption
—— After modification
Before modification

4000 3500 3000 2500 2000 1500 1000 50(
Wave length (Cm™)

Fig.6 FT-IR spectra of MSCB before and after modification

before adsorption converted to 2970 cm™! and 966 cm™!. At
the same time, 638 cm™! disappeared after adsorption, and
this could provide the presence of cadmium after adsorption
[74, 81-85].

3.3 Model analysis
3.3.1 Regression model

Response surface methodology (RSM) is a statistical tech-
nique that utilizes multivariable nonlinear modeling to create
mathematical models that accurately represent the data col-
lected via experimental design. Consequently, the statisti-
cal significance of the impacts of the components and their
interactions is elucidated more explicitly. Design-Expert
13.0 software is employed in the experimental design for
response surface analysis to conduct regression analysis and
equation fitting. This software utilizes mathematical mod-
els to elucidate the correlation between input elements and
response variables, simplifying the process of modeling and
optimizing intricate experimental systems. The independent
variables used for the experiment were pH (4), Cd** concen-
tration (B), and time (C). These variables were selected to
achieve the highest possible response. The examination was
conducted for each element at three different levels. To opti-
mize the tests and evaluate the removal efficiency of Ccd*,
the Box-Behnken design (BBD) was utilized. The results
acquired from this design are summarized in Table S1.
The quadratic regression model for the response variable,
denoted as Yg, is represented by Eq. (4).

Yq = +37.95 + 22.72A — 16.23B + 1.59C — 7.05AB A
+ 1.67AC + 3.65BC — 1.58A% + 4.03B> — 0.1814C? @)
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where A is the pH; B is the Cd?* concentration (mg/L); and
C is the time (min).

In the quadratic regression model equation, A, B, and C
represent linear terms, AB, AC, and BC represent interac-
tion terms, and A2, B2, and C? represent quadratic terms. In
the aforementioned equation, the positive or negative sign
preceding a coefficient indicates the nature of the interaction
between the variables. A positive sign signifies a cooperative
interaction, indicating that the variables have a synergistic
effect on each other. Conversely, a negative sign indicates
an opposing interaction, suggesting an antagonistic effect
between the variables. Analyzing Eq. (4), it can be observed
that the variables pH and Cd** concentration exhibit antago-
nistic effects on each other, meaning that their combined
influence is less than their individual effects. On the other
hand, the variables pH and time, as well as Cd** and time,
demonstrate synergistic effects.

3.3.2 ANOVA analysis

The variance of the experimental data is examined using the
quadratic regression model, and the results are presented
in Table S2. The model’s applicability was determined
based on a p-value of less than 0.05 and a higher F-value.
As shown in Table S2, the p-value is less than 0.0001, and

Removal Efficiency (%)
80 =

Removal Efficiency

B: Cd Conc.

20¢

Removal Efficiency (%)

Removal Efficiency

C: Time

20 30 40 50 6 70 80
B: Cd Conc.

the F-value is 131.27, representing that the model is highly
suitable for this experiment. The correlation coefficient
values for model fitting (R*=0.9941) and adjusted R? (R?
adj=0.9865) demonstrate a strong agreement between the
experimental results and the quadratic regression model.
Additionally, the adequacy precision of the model, with a
value of 42.9841, is considerably greater than 4, further
supporting the model’s reliability. Based on the p-values in
Table S2, it can be observed that variables A, B, AB, BC, and
B? are significant (p < 0.05), while variables C, AC, A2, and
C? are non-significant (p > 0.05). In the regression models,
the F-values for variables A, B, and C are 739.52, 377.47,
and 3.63, respectively. This indicates that parameter A has
the greatest effect on the adsorption performance of MSCB
biochar, followed by parameter B, while parameter C has the
least significant influence. Regarding the interaction terms,
the effects are ranked as follows: AB> BC > AC, indicating
that AB has the most substantial impact on the adsorption
performance of MSCB biochar, followed by BC, and then
AC.

3.3.3 Model parameters’ effects and interactions

According to the three-dimensional (3D) response sur-
face and respective contour plots (Fig. 7a), the interactive

Removal Efficency (%)
-

|
Il
!

( d ) Cube
Removal Efficency (%)
85.8089 46.56;

C+: 90| 22.952 11.8926

5

C: Time

" 86.602 32.74 A+: 8

A: PH

C-: :g) 30.4051 4.73325 A-: 4
- B: Cd Conc. 180

Fig.7 The combined effect of process variables a pH and cadmium concentration, b pH and time, ¢ cadmium concentration and time on cad-
mium removal efficiency, and d removal percentage of cadmium at each factorial point
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effect of pH and initial cadmium concentration on cad-
mium removal efficiency is highly significant as cadmium
adsorption increases from 7.06 to 87.83% when the pH
is increased from 4 to 8. This is also consistent with the
ANOVA analysis of AB (p =0.0006; F =35.58; Table S2).
Furthermore, Fig. 7b shows a link between pH and time,
with no substantial influence on cadmium elimination.
Cadmium removal effectiveness rises from 13.36 to
87.83% by increasing the response time from 30 to 60 min
and then decreasing from 60 to 90 min. This is also in
keeping with the ANOVA analysis of AC (p =0.2016;
F=1.99; Table S2). However, a significant interaction
impact (p =0.0175; F=9.56) is detected between the ini-
tial concentration of cadmium and reaction time, as shown
in Table S2 and Fig. 7c. As the pH of Cd** climbs from
4 to 8, the percentage removal likewise increases. At a
low pH value, the absorption % is low, which may be due
to protonation on the surface of the adsorbent, resulting
in electrostatic repulsion between the adsorbent and Cd>*
ions in the same line with a point of zero charge value.
Consistent findings have been informed in several stud-
ies, indicating that the adsorption capacity of adsorbents
is generally lower at acidic pH levels, while it tends to
increase as the pH becomes higher [8§6-91].

When the pH falls below 7.25, the MSCB surface
becomes positively charged. The presence of a positive
charge causes electrostatic repulsion of positively charged
Cd?* ions from the surface. This repulsion interferes with
ion adsorption. Moreover, an increased amount of H* ions in
the solution vies with Cd** ions for the existing adsorption
locations, leading to a decrease in the adsorption of Cd**.
Conversely, the rise in adsorption observed at elevated pH
levels can be linked to the idea that metal cations with posi-
tive charges encounter less resistance from oxide surfaces
as the pH level rises.

As the solution’s pH rises, the quantity of positively
charged locations on the adsorbent’s surface decreases,
whereas the quantity of negatively charged locations rises.
This change towards a negatively charged surface encour-
ages capturing cationic Cd** ions through electrostatic
attraction. Additionally, with the increase in the concen-
tration of the Cd** solution, the quantity of Cd>* captured
(g,) also rises. Nonetheless, as the solution concentration
rises, the removal rate (R%) diminishes. This suggests that
an elevated concentration of Cd>* in the solution results
in a greater adsorption capacity by the adsorbent, yet the
removal effectiveness diminishes. In instances where the ini-
tial solution concentration was minimal, the surface area and
the number of available adsorption sites were comparably
extensive. Moreover, the Cd>* ions were readily captured
and eliminated from the solution. As the initial solution
concentration rises, the available adsorption sites become
limited, decreasing the percentage of Cd** ion removal. The

higher g, observed at elevated initial concentrations can be
attributed to a stronger driving force [92].

During the first step of the adsorption process, the
mesopores are nearly saturated with Cd>* ions. The Cd>*
ions must, therefore, go farther and deeper into the micropo-
res, facing significantly higher resistance, resulting in lower
driving force and adsorption rate. Furthermore, when the
adsorption process progresses and the desorption rate
increases, the adsorption—desorption equilibrium is also
influenced [88, 93-97]. These findings might be important
for increasing and optimizing the Cd** removal process in
real wastewater treatment operations, perhaps leading to
significant increases in treatment efficacy. The best condi-
tions for the maximal adsorption of Cd>* ions from aqueous
solution utilizing MSCB as an adsorbent is pH 8, 20 mg/L
initial concentration of cadmium ions and 60 min contact
time. At these ideal circumstances, the highest adsorption
was recorded at 87.83%, and the removal percentage of cad-
mium at each factorial point is shown in Fig. 7d.

3.3.4 Model data adequacy check

In the BBD experimental design, a variance analysis was
conducted on the gathered experimental data. The actual
data points were obtained through experimental measure-
ments, while the expected response, represented by the
removal efficiency percentage was generated using the RSM
model. Figure 8 illustrates that all the data points lie along
the diagonal line connecting the predicted and actual values.
It is worth noting that previous research has shown that data

Predicted vs. Actual

100 /
80
60 | u;/g/

40 |

Predicted

20 ]

T T T T T T
0 20 40 60 80 100

Actual

Fig.8 The plot of predicted vs. actual Cd** removing efficiency
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points aligning with this line indicate the adequacy of the
model. As depicted in Fig 8, the actual data points closely
match the projected values, further validating the accuracy
and suitability of the model.

3.3.5 Optimization using the desirability functions

Statistical optimization of the adsorption process was done
to get the desired goal such as maximize, minimize, within
the range, target, and none for the factors and responses.
Numerical optimization sought to determine the optimal
value for each input factor and response. The inputs in this
study are pH, Cd** concentration, and contact time with the
response being removal efficiency. The numerical optimiza-
tion of the software demonstrated the optimal removal of
Cd** was obtained at pH 8, 20 mg/L initial Cd** concen-
tration, and 60-min contact time, as a result. As shown in
Fig. S6, the maximal removal of Cd?* is found to be 86.39%
with a desirability of 0.98. The validity of this prediction
was checked by duplicate confirmatory experiments under
the optimized parameters. Overall, the results obtained
from experimental data were in a good agreement with data
obtained from numerical optimization using desirability
functions. This indicated that the RSM-BBD model with
desirability functions can be effectively used for optimizing
the experimental conditions of Cd** adsorption by MSCB.

3.4 Adsorption isotherm

The adsorption isotherm equilibrium elucidates the cor-
relation between the surface area of an adsorbent and the
concentration of the adsorbate. The calculation of the exper-
imental adsorption data involved using different isotherm
models. This study employed the Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich adsorption isotherms.
It is assessed whether a certain adsorption isotherm can illu-
minate the gathered data by the correlation coefficient (R?)
of the summed profile. MSCB was applied to remove Cd**
from a 50 mL solution having various initial Cd** concen-
trations (10-80 mg/L), while the other parameters remained
constant.

3.4.1 Langmuir isotherm

The Langmuir model illustrates the process by which a mon-
olayer of adsorbate molecules is formed on a surface that is
uniformly covered with adsorbent material. According to
this hypothesis, no further adsorption will occur once a uni-
form monolayer is formed. The Langmuir isotherm occurs
when a monolayer is absorbed onto a surface with a spe-
cific number of identical spots. There is no communication
or influence between the molecules being adsorbed on the
surface. Additionally, it is assumed that the energy levels

@ Springer

of each location on the surface where adsorption occurs are
the same [98]. The Langmuir plots, depicted in Fig. S2a, are
generated by plotting 1/g, against the reciprocal of the equi-
librium concentration (1/C,). Equations (5) and (6) are uti-
lized to obtain the constants g,,,, and K; from the intercept
and slope of the Langmuir plot. An analysis of the Langmuir
plot and associated constants indicated that the adsorbent’s
highest possible adsorption capacity (g,,,,) was 16.87 mg/g.

Imaxxk,c,

qg. = T’% )

To determine the adsorption parameters, the Langmuir’s
isotherm was converted into its linear form, as illustrated in
the following equation:

1 1 1 1

= X — +

de kLQmax Ce

Qmax (6)
The variable g, ,, indicates the maximum adsorption
capacity of the test beads in milligrams per gram (mg/g),
while K; is the Langmuir isotherm constant, which quanti-
fies the binding affinity between Cd>* and the test beads in
liters per milligram (L/mg).
The separation factor (R;) was derived as follows:

1

R =——

o 1 ey xk, 0

Adsorption can be classified into four categories based on

the dimensionless Langmuir constant: favorable (0 <R, > 1),

unfavorable (R; > 1), linear (R; = 1), or irreversible (R; =0)
[99].

3.4.2 Freundlich isotherm

Based on the Freundlich isotherm model, the adsorption of
Cd>* occurs on a surface that is not uniform, and it happens
through the formation of several layers. As the concentration
of Cd** grows, the amount of adsorbate that is adsorbed also
increases without limit [98]. According to this notion, the
adsorption process encompasses many adsorption energies.
The Freundlich isotherm Eq. (8) establishes a relationship
between the amount of adsorbate adsorbed per unit mass of
adsorbent (g,) and the equilibrium concentration of ca*t
(C,). The adsorption plot of Cd*>* onto MSCB is depicted
in Fig. S3b. By analyzing the Freundlich isotherm plot, the
values of the Freundlich constants were determined. The K
value for the adsorption of Cd>* molecules by MSCB, as
reported in this work, is 5.91. The corresponding 1/n values
are 0.29, with n being 3.389. The magnitude of the exponent
1/n serves as an indicator of the favorability of adsorption.
In this case, the calculated values show that the adsorption
of Cd** onto MSCB is favorable.
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1
q. = kC; ®)

The term 1/n denotes the degree of adsorption, while
Kf, known as Freundlich’s constant, is utilized to calcu-
late the adsorption capacity. The value of 1/n determines
the favorability of the adsorption process, with a range of
0.1 <1/r<0.5 indicating favorability and 1/n> 2 indicating
unfavorability [78, 80, 100].

3.4.3 Temkin isotherm

The Temkin isotherm model describes the relationship
between the reduction in adsorption energy and the surface
coverage resulting from interactions between the adsorbent
and adsorbate. According to this model, the drop in adsorp-
tion energy is directly related to the surface coverage rather
than having a logarithmic relationship. The Temkin iso-
therm assumes a uniform distribution of binding energies.
To derive the constants of the Temkin isotherm model, the
quantity adsorbed (g,) is plotted against the natural loga-
rithm of the equilibrium concentration (In C,). By analyzing
the resulting graph and calculating the slope and intercept,
the constants of the Temkin isotherm equation can be deter-
mined in Fig. S4c. The linear version of the Temkin iso-
therm is signified by Eq. (9):

g, = BInA + BInC, )

The formula for B is B=RT/bT, where T is the absolute
temperature in Kelvin, and R is the universal gas constant
(8.314 J/mol K). The quantity of metal ions adsorbed onto
the adsorbent at equilibrium is denoted by g, (mg/g). The
equilibrium binding energy and heat of sorption are denoted
by the Temkin parameters A and B, respectively.

3.4.4 D-Risotherm

The Dubinin-Radushkevich (D-R) isotherm model was
employed to ascertain the nature of adsorption, whether it
was chemical or physical [101]. The Dubinin-Radushkevich
plot is shown in Fig. S4d, and its Eqgs. (10), (11), and (12)
are shown as follows:

Ing, = Ing,, — K’ (10)

The equation is defined as follows: K represents the activ-
ity coefficient (mol?/KJ?); e represents the Polanyi potential
(KJ mol™!), and g, represents the equilibrium adsorbent-
phase concentration of adsorbate (mg/g).

e=RTInl+ '/, (1)

E= Wy (12)

where T represents the temperature in Kelvin (K); C, repre-
sents the equilibrium concentration of the adsorbate in the
aqueous phase (mg/L); and R represents the universal gas
constant (J/mol K).

The comparison of four adsorption isotherm models
(Langmuir, Freundlich, Temkin, and Dubinin-Radushk-
evich) is performed, and the evaluation is based on the cor-
relation coefficient (R?) and related parameters, as presented
in Table 3. The obtained findings revealed that the regression
coefficients (RZ) for the Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich models were 0.99, 0.90, 0.97, and
0.93, respectively. Based on the comparison of the corre-
lation coefficients (R?), the Langmuir adsorption isotherm
model (R*=0.99) demonstrated the best fit for Cd>* adsorp-
tion onto MSCB. This suggests that the Langmuir model
gives a more realistic depiction of the connection between
the numbers of Cd** molecules adsorbed by the MSCB
adsorbent. The Langmuir model is in a reasonable covenant
with the observed experimental results due to its assumption
of a homogeneous of active sites on the surface of the MSCB
adsorbent so the Langmuir model was shown to be the most
accurate and relevant model in this study for characterizing
the adsorption behavior of Cd** on MSCB, suggesting the
chemisorption mechanism [74].

3.5 Adsorption kinetic models

The experimental results were calculated using several
kinetic parameters to better understand the mechanism
that regulates the adsorption process. Kinetic models are
used not only to measure the effective diffusion of adsorb-
ate molecules in the pore structure but also to calculate and

Table 3 Isotherm parameters for the adsorption of Cd** by MSCB

Isotherm model Parameters Value
Langmuir Grmax (ME/Q) 16.87
K;(L/mg) 0.42
R, 0.03
R? 0.99
Freundlich Ky 5.91
1/n 0.29
R? 0.90
Temkin KT (L/mg) 7.46
BT (J/mol) 2.91
R? 0.97
D-R K 2.51x107°
E 1.41 x 10*
R? 0.93
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quantify the adsorbate’s absorption by the adsorbent over
time at a fixed concentration [102]. To ascertain the rate
and mechanism of metal absorption, the data was analyzed
using pseudo-first- and pseudo-second-order models [103].

3.5.1 Pseudo-first order

The adsorption capacity of the adsorbent is employed in the
pseudo-first-order rate model following Eq. (13):

ln(qe—qt) =Ing, — k;t 13)

where K, (min~") is the equilibrium rate constant, and g, is
the adsorption capacity (mg/g) at time ¢.

According to the information provided, Fig. S3a depicts
experimental kinetic plots of Cd** adsorption onto MSCB
using the pseudo-first-order model. Plots of the natural loga-
rithm of the difference between the adsorption capacity at
a given time (g,) and the equilibrium adsorption capacity
(g,) vs. time produce a straight line. The slope and inter-
cept of these plots were used to derive the rate constant
(K;) and equilibrium adsorption capacity (g,). However,
considerable variations are discovered when comparing the
projected equilibrium adsorption capacity (q.,) with the
actual equilibrium adsorption capacity (g.,). as illustrated
in Table 4. The adsorption data reveal low correlation coef-
ficients, and the maximal adsorption capacity differs from
the actual value. These observations suggest that the Cd**
adsorption onto MSCB does not conform to the assumptions
and hypothesis of the pseudo-first-order kinetics model. It
appears that the pseudo-first-order kinetics model is not fit
for accurately describing the adsorption behavior of Cd**
onto MSCB in this case. Alternative kinetic models or fur-
ther investigations may be required to better understand the
adsorption kinetics of Cd** onto the MSCB adsorbent.

3.5.2 Pseudo-second order

The following equation represents pseudo-second order:

2nd

Table 4 Pseudo'* order and pseudo®™ order kinetic parameters for

Cd** adsorption by MSCB
Adsorbent Kinetic models Parameters Ccd**
MSCB Pseudo' order q. () mg/g 0.52
K, (1/min) —2.35%107°
R 0.76
Pseudo® order q, (o) mg/g 8.82
q, (exp) mg/g 8.75
K, (g/mg-min) 0.06
R? 0.99
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The equilibrium rate constant is K,. The linear coefficient
of regression (R?) values is used to estimate the appropriate
isotherm and kinetic model for the adsorption process. The
plots of #/qt vs. t in Fig. S3b provide a straight line that best
fits the experimental results. The analysis of the plots, sup-
ported by the slope and intercept values presented in Table 4,
indicates a close agreement between equilibrium adsorption
capacities (g,) considered using the pseudo-second-order
model and the corresponding experimental value (¢ey,)-

The correlation coefficients (R?) attained from comparing
the two kinetic models, namely the pseudo-first order and
pseudo-second order, indicate that the pseudo-second-order
kinetics model (R*=0.99) provides a significantly better fit
to the experimental data compared to the pseudo-first-order
kinetics model (R*>=0.76). This is evident from Fig. S3b,
which displays the plot generated by the pseudo-second-
order model and demonstrates a high correlation coefficient
(R*=0.99). These findings suggest that the kinetics of Cd**
adsorption onto MSCB closely adhere to the pseudo-sec-
ond-order kinetic model. This implies that the adsorption
process is likely governed by chemisorption, involving elec-
tron exchange between the adsorbate (Cd**) and the adsor-
bent (MSCB). The high correlation coefficient (R*=0.99)
achieved from the pseudo-second-order model further
supports this hypothesis. Therefore, based on the supplied
results, it can be assumed that the rate of Cd** adsorption
onto MSCB is largely affected by a chemisorption process,
including electron exchange between the adsorbate and
adsorbent.

3.6 Adsorption thermodynamics

The study focused on examining the energy transformations
that occur during the process of adsorption, using princi-
ples from the field of thermodynamics. The thermodynamic
parameters entropy (S), Gibbs free energy (G), and enthalpy
(H) were computed using Egs. (15), (16), and (17), corre-
spondingly. The slope and intercept of the In K vs. 1/T plot,
as well as the accompanying results, are reported in Fig. S4
and Table 5.

AG® = —RTInKT (15)
g,
k, = . (16)
As®  AH®
Ink, = =— — == 17
nKy R RT a7y
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Table 5 Thermodynamic Adsorbent  Temp (K) K, AGY (/mol)  AHC (K/mol)  AS° (/molK) R
parameters for the adsorption of
Cd** onto MSCB MSCB 298 4.18 —-3.54 126.42 434.49 0.97
313 26.16 —-8.49
328 454.04 -16.68

where K; (L/g) is the equilibrium constant; C, (mg/L) is
the equilibrium concentration of adsorbate; g, (mg/g) is
the amount of adsorbate adsorbed at equilibrium; AG (KJ/
mol) is the Gibbs free energy change; AH® (KJ/mol) is the
enthalpy change; and R (8.314 J/mol-k) is universal gas con-
stant; while the absolute temperature in Kelvin is 7' (K).

Thermodynamic investigations were conducted to exam-
ine the adsorption of Cd** on MSCB at three different tem-
peratures: 298 K, 313 K, and 328 K. The initial cadmium
concentration used in the experiments was 50 mg/L. The
negative values of AG’, ranging from —3.54 to — 16.68 kJ/
mol, specify that the adsorption process of Cd** on MSCB is
thermodynamically feasible and spontaneous. This suggests
that the affinity of MSCB for Cd*" is strong, and the adsorp-
tion occurs naturally without needing external energy input.
The positive value of AS® indicates an increase in unpredict-
ability or randomness during the adsorption process. This
is likely attributed to the adsorption of water molecules at
the solid-solution interface, which contributes to the overall
entropy change. The presence of water molecules enhances
the disorderliness of the system during adsorption. The posi-
tive values of AH® (126.42 kJ/mol) suggest that the adsorp-
tion of Cd** on MSCB is an endothermic process, meaning
that heat is absorbed from the surroundings. This indicates
that the adsorption mechanism is predominantly oriented
towards chemisorption, involving chemical bonding between
Cd?* and the active sites on the MSCB surface [47, 77-79].
Higher temperatures promoted adsorption, which was con-
sistent with the adsorption isotherm in (Table 3).

3.7 Reusability assessment

The regeneration and reusability of adsorbents are crucial
factors for their economic viability and practical uses. In
this study, three consecutive sorption and desorption cycles
were conducted to examine the reusability of MSCB. Fig. S5
illustrates that the removal efficiencies of MSCB for Cd>*
ions were effectively restored, with the adsorption efficiency
above 80% following three cycles of reuse utilizing HNO,
(0.1IN,1 h) as eluent [68, 104, 105]. The findings demon-
strated that the engineered MSCB exhibited significant
reusability and considerable potential for the sustainable
elimination of cadmium. The reduction in adsorption effec-
tiveness may result from partial saturation of the surface
active sites or depletion of the surface functional groups
of MSCB [106]. As a result, MSCB can be repurposed and

recycled for the adsorption of heavy metals, hence improv-
ing process efficiency and promoting economic and environ-
mental sustainability.

3.8 Comparison of maximum adsorption capacity
of different adsorbents for cadmium removal

The adsorption capacity of biochar materials for Cd** varies
depending on the raw materials and production processes
involved. The adsorption performances of various biochars
for Cd?* removal are shown in Table 6, and it can be inferred
that MSCB exhibits a relatively higher theoretical adsorp-
tion capacity for Cd** compared to other biochars. In this
study, RSM was employed to optimize the key parameters
influencing biochar adsorption, including pH, cadmium con-
centration, and contact time. The aim was to identify the
optimal combination conditions that enhance the biochar’s
adsorption performance. On the other hand, alternative
adsorbents require more resources and effort for synthesis
and modification than MSCB. Therefore, RSM was utilized
to adjust the adsorption preparation conditions, leading
to improved efficacy of biochar adsorption. Furthermore,
the optimal conditions obtained through optimization vary
depending on the specific pollutants. This approach helps
avoid the issue of using biochar produced under the same
conditions for adsorbing and removing different pollutants,

Table 6 Performance comparison of modified sugarcane bagasse
biochar with previous studies using different adsorbents for Cd**
removal

Adsorbents q,, (mg/g) References
MSCB 16.87 This study
Walnut shell 11.60 [107]
Banana peels 591 [108]
Rice husk biochar 17.80 [109]
Switch grass 5.01 [110]
Chicken manure 10.90 [111]
Coconut shell 3.85 [112]
Rice straw 4.64 [113]
Rice straw 9.35 [114]
Oak wood 3.04 [115]
Spent coffee ground 10.42 [116]
CZ31 residues 8.06 [117]
CYO04 residues 7.91 [117]
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which could result in low adsorption efficiency for specific
pollutants. The comparative results demonstrate that MSCB
is a competitive choice for treating wastewater containing
Cd>*. Its relatively higher adsorption capacity and the ability
to optimize adsorption conditions using RSM make it well-
suited for Cd** removal.

4 Conclusion

In this study, modified biochar (MSCB) was prepared from
sugarcane bagasse activated by Al(oH); and efficiently
applied to adsorb Cd** in the aqueous solution. The char-
acterization demonstrated that MSCB presented a higher
specific surface area, pore volume, and more functional
groups than non-modified bagasse, intimately associated
with promoting its adsorption efficiency. Box-Behnken-
based RSM model showed optimized process conditions
including cadmium concentration, time, and pH which were
20 mg/L, 60 min, and 8, respectively. The results obtained
from the RSM could help to run the experimental practices
which reduces time and developmental cost. The presently
used model has illustrated good agreement of predicted
value with the experimental value, indicating the model was
highly significant. The pseudo-second-order kinetic model
and Langmuir isotherm model fitted the obtained kinetic and
isotherm data well, suggesting that Cd** adsorption onto
MSCB was a monolayer and chemical process. Furthermore,
MSCB performed well under reusability after three adsorp-
tion—desorption experiments. Overall, this work confirms
that MSCB can be considered ideal adsorbents for Cd>*
removal from wastewater. Future studies should investigate
the application of MSCB for contaminated wastewater treat-
ment in pilot and industrial scale, optimize the operational
process parameters, and increase the product’s recycling
rate.
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