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ARTICLE INFO ABSTRACT

Keywords: Biosorption has demonstrated effectiveness in eliminating contaminants of emerging concern (CECs) that lack
Adsorption ] inclusion in current water quality standards. These pollutants impede progress towards UN Sustainable Devel-
Carbamazepine opment Goals 6 and 14, pertaining to clean water accessibility and marine life preservation. This research
Moringa oleifera . . d the ad . ial of th . h ical poll b . ing Mori

Seed coat investigated the adsorption potential of the persistent pharmaceutical pollutant, carbamazepine, using Moringa

oleifera (MO) seed coat. This research investigated the adsorption potential of the persistent pharmaceutical
pollutant, carbamazepine, using MO seed coat biochar. Acid hydrolysis and subsequent carbonization produced a
biochar with superior properties for adsorption as confirmed by FTIR, SEM, EDX, CHNOS, and XRD analyses. The
influence of agitation speed (200 rpm, 300 rpm, and 400 rpm), adsorption duration (0 to 180 min), and
adsorption temperature (30 °C, 40 °C, and 50 °C) on CBZ removal in synthetic wastewater were studied.

The quadratic regression model obtained from Box Behnken experimental design (BBD) with Response surface
methodology (RSM) showed a strong predictive ability with R? = 0.9754 and adjusted-R? = 0.9015. Agitation
speed significantly influenced the adsorption capacity as evidenced by a p-value of 0.02848. The optimum
conditions for CBZ adsorption were 400 rpm, 30 °C, and 2.15 h at which a maximum adsorption capacity of
51.87 mg/g was anticipated. The adsorption behaviour was best described by pseudo-second order kinetics and
the Temkin isotherm model. The study confirmed that MO seed coat biochar as a promising green adsorbent for
pharmaceutical contaminant removal in wastewater treatment.

1. Introduction

Contaminants of emerging concern (CECs) are pollutants which are
typically not removed by conventional water treatment processes due to
their chemical composition/structure and aged water and wastewater
treatment technology. Carbamazepine (CBZ) is one of such contami-
nants. CBZ (C;5H;2N20) is an anticonvulsant drug and mood stabiliser
used for the management of epilepsy and bipolar disorder. Upon
ingestion CBZ forms metabolites such as CBZ-epoxide, CBZ-acridan, 2-
OH—CBZ and 3-OH—CBZ and CBZ-diol and the unused drug is excreted
in urine or faeces. Carbamazepine has a solubility limit of 17.7 mg/L in
water at 25 °C and its water partition coefficient logKqy is 2.45 — these
make CBZ practically insoluble in water (Zhang et al., 2008). CBZ has 2
pKa values; pKa = 2.3 and pKa = 13.9. Between these pH values, CBZ is
neutrally charged and thus not ionisable (Radjenovic’ et al., 2008; Couto
et al., 2019).
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For these reasons, CBZ cannot be readily removed from water and
has been detected in WWTP effluent, surface waters, and ground water.
The detection of CBZ in various water sources is concerning because the
predicted no-effect concentration (PNEC) for ecotoxicity of CBZ is 25
ng/L (Tran et al., 2018) but several authors have reported much higher
detected concentrations. In South Arica, the CBZ concentration in
drinking water vary from 325 ng/L (Odendaal et al., 2015) to 500 ng/L
(Archer et al., 2017). CBZ detection in groundwater ranges from 9.3
ng/Lin Singapore (Tran et al., 2014) to 335 ng/L in Cameroon (Branchet
et al., 2019). Its detection limit is even greater in WWTP effluent — 49
ng/L in China (Wu et al., 2015) to +404.3 ng/L in the USA (Bartlet-Hunt
et al.,, 2009). According to Cunningham et al. (2010) the maximum
detection of CBZ was in surface waters in the USA and Europe are 1500
ng/L and 11.581 pg/L, respectively. These concentrations are harmful to
aquatic life. Cleuvers (2003) reported that exposure of Lemna minor to
CBZ resulted in growth inhibition of the algae — supported by the
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findings of Jos et al. (2003) when Chlorella vulgaris was exposed to CBZ.
Yan et al. (2021) and Qiang et al. (2016) found that exposure to
ecologically significant was genotoxic and mutagenic to Chinese rare
minnows and zebrafish embryos and larvae. Based on these harmful
effects, it is paramount that CBZ is removed from water resources.

Pressure-driven membrane filtration processes (reverse osmosis and
nanofiltration) effectively remove CBZ (Cevallos-Mendoza et al., 2022)
however the likelihood of membrane fouling, incorrect brine disposal,
and high energy demand render these processes unfavourable
(Ketharani et al., 2022). The risk of secondary pollution due to the un-
controlled formation of undesirable - and sometimes harmful —
by-products is a deterrent to the removal of CBZ through advanced
oxidation processes (Chen et al., 2022; Rossi et al., 2023; Puga et al.,
2024). Adsorptive removal bypasses the inherent disadvantages of
membrane processes and advanced oxidation processes however the
simplicity of the process and its effectiveness for removing myriad pol-
lutants. (Mansouri et al., 2021; Yaashikaa et al., 2021)

Adsorption onto natural biomass is a sustainable and potentially
cost-effective approach for removing CBZ from water as it involves the
use of raw or treated agricultural wastes as biosorbents to remove the
contaminants from water. This method promotes a circular economy
through waste valorisation. (Elgarahy et al., 2021). Activated carbon
and biochar, generated from pyrolysis or carbonisation of biomass,
possess high surface area for adsorption which allows for high adsorp-
tion capacity (Décima et al., 2021).

Moringa oleifera, known as the “miracle tree”, is cultivated in Asia,
Africa, and South America. Its roots, leaves, and bark of are used
extensively for their medicinal and nutritional value (Pareek et al.,
2023). The seed coat has been applied for the removal of various cate-
gories of pollutants including heavy metals, dyes, pharmaceuticals and
herbicides as presented in Table 1.

Lopes et al. (2022) reported that untreated MO seed coats success-
fully adsorbed cationic methylene blue dye with a Qe of 122.7 mg. g™
despite having a low Sggr (3.24 m?. g1). This differs significantly from
the findings of Adebayo et al. (2019) who were only able to achieve a Q.
of 9.579 mg.g™! of methylene blue with high Sggr (1340 m2.g™?) MO pod
husk biochar produced by pyrolysis at 450 °C. The high Q. reported by
Lopes et al. (2022) could be a result of ionic interactions between the
cationic dye and negatively charged species on the adsorbent surface.
Furthermore, the findings of Garcia-fayos et al. (2016), Jabar et al.
(2020) and Gupta et al. (2021) indicate that MO seed coat biosorbent
contain -COOH, C—O, C = 0, N—H, and O—H functional groups which
enhance the adsorption of polar contaminants — including heavy metals
and herbicides (de Souza et al., 2019). Consequently, most studies report

Table 1
Applications of MO seed coat biosorbent.
Category Adsorbate Pretreatment Qe Reference
(mg/
)
Heavy metal cri* - 109.6 Farrokhzadeh
et al. (2013)
cd** - 13.1 Garcia-fayos
et al. (2016)
Herbicide Atrazine 0.1 M MeOH, 7.47 Coldebella
1.5 % HNOs3, et al. (2016)
thermal
Diuron - 3.76 de Souza et al.
(2019)
Pharmaceutical  Acetaminophen 0.1 M H3POy, 17.48 Quesada et al.
thermal (2019)
Diclofenac 0.1 M MeOH, 4 28.73 Araujo et al.
% HNO3, (2018)
thermal
Dye Methylene blue - 122.7 Lopes et al.
(2022)
Crystal violet - 156.3 Keereerak et al.
(2020)
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PSO kinetics for the removal of these categories of pollutants (Décima
et al., 2021).

Conversely, Quesada et al. (2019) reported a maximum Q. of 17.48
mg. g of neutrally charged acetaminophen (paracetamol) by MO seed
coat biosorbent derived by acid treatment with 0.1 M H3PO,4 followed by
carbonisation in a muffle furnace at 300 °C. The high adsorption ca-
pacities reported by Farrokhzadeh et al. (2013), Keereerak et al. (2020),
and Lopes et al. (2022) for cationic dyes and heavy metals compared to
neutrally charged species such as acetaminophen suggests that chemi-
sorption is the driving force for adsorption onto MO seed coat
biosorbents.

This present study investigated the performance of MO seed coat-
derived biochar as a biosorbent for CBZ in synthetic pharmaceutical
wastewater through batch experiments. The synthesised biosorbent was
characterised using SEM, EDX, CHNOS, FTIR, BET, and XRD analyses.
The effects of operating conditions (agitation speed, adsorption time and
adsorption temperature) on the adsorption capacity of the biochar for
CBZ were studied. The effects of these variables were first investigated
independently through one-factor-at-a-time studies. The effects of
parametric interactions on the adsorption of CBZ were investigated
through design of experiments conducted using Box-Behnken design
with response surface methodology. The OFAT studies informed the
ranges of the operating conditions for the design of experiments.

2. Experimental
2.1. Materials

MO seed pods were obtained from the University of Pretoria plan-
tation. Following particle size reduction, the MO seed coat was subjected
to acid pretreatment with 85 % phosphoric acid (HsPOs, MM = 97.99 g/
mol) from GlassWorld chemicals. CBZ for the batch adsorption experi-
ments was obtained from DLD scientific.

2.2. Apparatus and instruments

Morphological characterization of the biosorbents was performed using
Scanning Electron Microscopy (SEM) in a Zeiss Gemini Ultra Plus FEG SEM.
Powder samples were thinly dusted on adhesive carbon strips which were
placed on SEM carbon stubs. Subsequently, the samples were sputter-coated
with carbon to enhance their conductivity. The same Zeiss Gemini Ultra Plus
FEG SEM was used for Energy-dispersive X-ray Spectroscopy (EDX/EDS)
analysis to determine the surface chemistry of the biosorbents. For the EDX
analysis, the biosorbents were dusted on aluminium strips, which were
mounted on carbon stubs, and sputter-coated with gold. Carbon-Hydrogen-
Nitrogen-Oxygen-Sulphur (CHNOS) analysis was carried out in a Unicube
elemental analyser to determine the elemental composition. Fourier-
Transform Infrared (FTIR) analysis was performed on a PerkinElmer Spec-
trum 100 FTIR-ATR spectrometer was set to analyse 32 scans from 4000 cm
T'_ 400 cm’, with an effective force of 100 on the force gauge.

The Brunauer-Emmett-Tuller (BET) analysis was carried out on a
Micrometrics TriStar II Surface area and porosity analyser. The samples were
first degassed in a Micrometrics VacPrep 061 Sample degas system at 77 K by
bubbling with nitrogen to remove any dissolved gases. For the BET analysis,
liquid nitrogen was used to maintain an inert environment as well as helium,
argon, and nitrogen gas. X-ray diffraction analysis (XRD) was conducted
using a PANalytical X’Pert Pro powder diffractometer in 6—0 configuration
and Co-Ka radiation (A=1.789 fo\).

2.3. Methods

2.3.1. Biosorbent preparation

Raw moringa seed coat was manually separated from the seed
kernel, chaff, and seed pod manually. The seed was struck with a pestle
to facilitate easier separation of the seed husk from the seed kernel.
Peeled kernels and seed husks were stored in separate containers. To
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remove sand and dust particles, the seed husks were rinsed 3 times in tap
water by stirring with a magnetic stirrer till the supernatant water was
almost clear. The husks were then allowed to dry for 48 h at 30 °C in an
Ecotherm oven. A mortar and pestle were used to reduce the size of the
seed husks before milling in a Retsch PM 100 ball mill for 20 min at 200
rpm. Thereafter, the seed coat was sieved with SABS universal test sieves
with mesh sizes of 250 pm, 150 pm, 75 pm in a Fritsch Industriestrasse 8
vibratory sieve shaker. This biomass is hereafter referred to as raw
biosorbent.

Particles within the 75-150 um size range were mixed with 85 %
HsPOa at a mass-to-volume ratio of 2.25:1. The resulting paste was left to
stand for 24 h to facilitate chemical activation. Subsequently, the acti-
vated MO seed coat was transferred into a ceramic crucible was
carbonised in a muffle furnace; temperature was increased at 10 °C/min
to 600 °C and held at this temperature for 4 h. Carbonised seed coat was
cooled to room temperature by natural convection and soaked in
deionised water overnight to loosen the complex formed and facilitate
removal from the crucible. The retrieved material was rinsed and
filtered with a Buchner funnel till the supernatant water had a neutral
pH. The sample was dried overnight at 50 °C in an Ecotherm oven.
Finally, it was stored in an airtight container to prevent moisture ingress.
This sample is hereafter referred to as biochar. The biosorbent subjected
to acid activation only (i.e. no subsequent carbonisation) is subsequently
referred to as HsPOs-mod biosorbent.

2.3.2. Model wastewater preparation and instrument calibration

CBZ standard solution was prepared by dissolving the required mass of
CBZ in deionised water for the desired concentration. For example, for a 50-
ppm solution, 5 mg of CBZ was diluted in 1000 mL of water. To facilitate the
dissolution, the mixture was ultrasonicated for 3 h with intermittent shaking.
The standard solution was stored in the same container in which it was made.
For the batch adsorption experiments, the CBZ concentration was determined
using a Hitachi U-3900 UV-Vis spectrophotometer which was operated at 1
= 298 nm with a slit width of 2.0 nm. The CBZ concentration was measured
by spectrophotometric method using a calibration curve. Standard solutions
of 10 ppm, 20 ppm, 25 ppm, 30 ppm, 40 ppm were prepared by serial
dilution of a 50-ppm stock solution. The absorbance of each sample was then
correlated to the CBZ concentration.

The adsorption capacity (Q;) of CBZ was estimated using the mass
balance in Eq(1).
x 100

Q = (€8]

(Co— C)V
m
where C, is the concentration of CBZ at t = 0 min (ppm), C; is the
concentration of CBZ after the adsorption time has elapsed, V is the
volume of the stock solution used for the experiment (L) and m is the
mass of the adsorbent used (g). The equilibrium adsorption time was the
time after which no further adsorption took place despite higher agita-
tion speed or temperature. The concentration of CBZ at this time was C,

(ppm). The percentage removal is calculated as

Co— C;

0

%R = x 100 2)

2.3.3. Batch adsorption experiments

Batch adsorption experiments were conducted to evaluate the per-
formance of the synthesised biosorbent. 50 mL of the 50-ppm stock so-
lution was placed in a 50 mL conical flask, followed by the addition of 50
mg of biosorbent. The mixture was immediately agitated at 200 rpm for
the required duration (hours) at a controlled temperature in an incu-
bator shaker. The agitation speed was adjusted using the control buttons
on the shaker. After the adsorption time had elapsed, the water samples
were filtered through filter paper to remove solid particles which would
scatter light and distort the UV-Vis absorbance readings. The spent
biosorbent was then recovered and dried overnight at 50 °C.
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2.4. Adsorption performance of MO biochar

2.4.1. Effect of variables using OVAT

50 mL of 50-ppm stock solution was placed in a conical flask and 50
mg of biochar was added. The conical flask was sealed with aluminium
foil and shaken an incubator shaker at a constant speed for the required
duration.

The effect of agitation speed was studied at 100 rpm, 200 rpm, 300
rpm and 400 rpm. 50 mg of biochar was added to 50 mL of a 50-ppm CBZ
solution and agitated at the selected speed for 3 h at a controlled tem-
perature of 30 °C. The effect of temperature was studied at 30 °C, 40 °C
and 50 °C; the agitation speed and time were 200 rpm and 3 h,
respectively. The effect of adsorption time was studied through a series
of experiments at adsorption times of 15 min, 30 min, 1 hour, 2 h and 3
h; the agitation speed and temperature were held at 200 rpm and 30 °C,
respectively.

Once the required time had elapsed, the conical flask was removed
from the incubator. The spent biosorbent was then separated out of the
model wastewater sample by filtration using filter paper. The spent
biosorbent was subsequently dried in an oven at 50 °C for 24 h. 3 mL of
the supernatant sample was collected for UV-Vis spectrophotometry to
determine the CBZ concentration.

2.4.2. Effect of operating variables using statistically designed experiments

The Box-Behnken experimental design factors are presented in
Table 2. This design was selected as it could accurately predict model
parameters with fewer experimental runs.

2.4.3. Model development
Quadratic regression models Eq (3) are often used to quantify the
effect of parametric interactions on response variables.

Yi = Bo + BaA + BsB + BcC + BasAB + BrcAC + BcBC + BuaA® + PysB’
+ PecC
3

where Y; is the predicted value of the response, f, is the global average
of the response, f; is the regression coefficient of the main factors and g;
is the regression coefficient of the interaction of the factors (Regti et al.,
2017). The goodness-of-fit of the quadratic model is evaluated using the
correlation coefficient (R?), adjusted R?, p-value, F-value, SSE, MSE, the
residual, and the corrected total.

A coefficient of determination (R?) close to 1 is desirable; R? can
increase or remain the same with the introduction of a new independent
variable (Starbuck, 2023). Conversely, the adjusted R? will either
decrease or remain the same when a new independent variable is
introduced. The coefficient of variation (CV %) is a ratio of the standard
error to the mean value of the response (Regti et al., 2017); CV % < 10 %
indicates reliability of the experiments conducted. A good model fit
should have an adequate precision (AP) >4 (Agarwal et al., 2016). The
sum of squared error (SSE) is the square of the difference between the
experimental data, and the model predicted data. A lower SSE is desir-
able as it indicates that the model prediction is close to the experimental
data. The mean square error (MSE) is the average of the squared errors
for each data point. A Lower MSE is desirable. In conjunction with the
SSE and MSE, the p-value and F-value are used to evaluate the extent of
contribution of the model variables and their interactions.(Starbuck,
2023)

Table 2
Experimental factors and levels for Box-Behnken experimental design.
-1 0 1
Agitation speed (rpm) 200 300 400
Adsorption time (hours) 1 2 3
Adsorption temperature ( °C) 30 40 50
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The F-value is the ratio of the model mean square error to the error
mean square. A high F-value (F > 1) indicates a statistically significant
model (Ali et al., 2018; Starbuck, 2023). The significance of the oper-
ating parameters on the dependent variables using the p-value which
was determined with a 95 % confidence interval. For a parameter to
have a significant effect, p < 0.05 is essential.

2.4.4. Model validation

Welch’s t-test was used to evaluate the reliability of the quadratic
regression model by comparing the means of qe, experimental and Qe, pre-
dicted- Firstly, the null hypothesis which suggests that both data sets have
the same mean was assumed i.e.

4

= H

where y; and p, are the mean values of the two data sets being
considered. The variances were estimated with
n 2
2 _ i (i — p)
n

(5)

where n is the number of data points in the set, x; is the specific data
point (Starbuck, 2023). The standardised difference (T) between the
means was determined using
X - X

T= (6)

where X; is the average value of the first sample set (qe, experimental) and
X is the average value of the second sample set (qe, predicted)- 612 and 022
are the variance of the data sets, respectively. n; and nj are the number
of data points in each data set, respectively. An adjusted degrees of
freedom (v) must be estimated since the variance (62) of the data sets
were not equal.

a? o’
n ny

(). )

n—1 na—1

)

V=

Finally, the probability (P (T < t)) was determined as the area under
the t-distribution curve at a particular test statistic, t. The p-value was
determined using the two-tailed test such that

p=2 xmin(P(T < tos), 1 — (P(T < taps)) ®

The null hypothesis was rejected if p < 0.05 thus indicating that the
difference between the means of the data sets was statistically signifi-
cant. Conversely, if p > 0.05 it was concluded that the difference be-
tween the means was not statistically significant, and the null hypothesis
could not be rejected (Starbuck, 2023). For this study, the t-test was
conducted using the Data analysis add-in Microsoft Excel.

2.4.5. Optimisation

The Derringer-Suich desirability function approach and gradient-
based numerical search algorithms were applied for the optimisation.
Each response was firstly converted to a desirability value, d, between
0 and 1. The goal of the optimisation was to maximise the response by
adjusting the global desirability function (D) which was developed
based on individual desirability functions (d;) given by Eq (9).

07 » <L

”—_LL)CTgylgL

2 ©

1,y1>T

where d; is the dimensionless desirability, y; is the predicted response
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value, T is the target value, L is the upper limit of predicted results, and r
is the shape factor and is equal to 1 (Gamero-Salinas et al., 2025). The
global desirability function was estimated using the geometric mean of
individual desirability functions as shown in Eq (10).

. 1k
i=1

where k is the number of individual desirability functions. The gradient-
search algorithm approach maximises the global desirability function by
recurrently adjusting the independent variable levels within the design
space (Marinkovic, 2021). Design Expert 13 software was used for the
adsorption optimization in this study.

10

2.5. Kinetic and isotherm studies

2.5.1. Adsorption isotherms

The Langmuir isotherm model describes monolayered heterogeneous
adsorption where all adsorbent particles have equal enthalpy of
adsorption. Eq (11) in the standard Langmuir isotherm equation.

quL Ce

= InKiCe 11
= 17KC, an

Here, q. is the equilibrium adsorption capacity (mg/g), C. is the
equilibrium concentration of adsorbate in solution (g/L), qn is the
maximum adsorbate concentration in the adsorbent when surface sites
are saturated (g/g), and by, is the Langmuir adsorption constant of the
adsorbate species (Décima et al., 2021). Along with the Langmuir model,
the Freundlich model is the most used isotherm model for describing
adsorption with biosorbents. It describes multilayer, heterogeneous
adsorption and is represented by Eq (12).

1
e = KpCen 12

Ky is the Freundlich adsorption capacity parameter in (mg/g)(L/g)'/™
and n is a unitless coefficient (Décima et al., 2021). The Sips isotherm in
Eq (13) also combines the Langmuir and Freundlich isotherm models
and describes heterogeneous adsorption thus limiting the increase of the
adsorption capacity.

qm.sKS Cens

oS 13
1+ KsC.™ (13)

qe =

where ng is the index of heterogeneity, a value between 0 and 1. K; is the
Sips constant (L/mg) and gps is the maximum adsorption capacity in
mg/g. The Dubinin-Radushkevich (D-R) similarly assumes heteroge-
neous adsorption. This model is described by Eq (14).

ge = qme ™ 14
where g, is the maximum adsorption capacity in mg/g, § is the average
free energy for adsorption per mole of adsorbate (kJ/mol) and ¢ is the
Polanyi potential given by Eq (15).

1
=RTIn(1+ —
€ n( + C.

1s)
where R is the ideal gas constant (8.314 J/(kmol.K)), T is the adsorption
temperature (K), and Ce is the equilibrium adsorbate concentration (mg/
L). The p-R model explicitly correlates the adsorption capacity to the
square of temperature and is typically used to estimate the free energy of
adsorption. This in turn can be used to distinguish between chemi-
sorption and physisorption as the driving force for adsorption. (Ayawei
et al., 2017)

Bhattacharya et al. (2020) found that CBZ adsorption onto graphene
oxide nanoplatelets best fit the Temkin isotherm model presented in Eq
(16). This isotherm assumes a heterogeneous adsorbent surface with
uniform distribution of energy across each binding site in an adsorbent
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and is described by

g.= Bln(kr ae)
where kt is the Temkin isotherm constant and B is the dimensionless
Temkin constant estimated using Eq (17).
RT

B:b

a7
with b being the enthalpy of adsorption in J/mol and T being the
adsorption temperature (K) (Serafin et al., 2023).

2.5.2. Adsorption kinetics

The pseudo-first order (PFO) model in Eq (18) describes an irre-
versible reaction where adsorption rate is directly proportional to the
number of unoccupied sites (Décima et al., 2021) and adsorption
enthalpy is independent of adsorbent surface coverage and adsorbed
ions do not interact (Largitte et al., 2016).

qr = Qe(l - eik“)

Here, q; is the amount of adsorbate that is adsorbed at time t (mg/g),
qe is the amount of adsorbate that is adsorbed at equilibrium (mg/g) and
k; is the adsorption rate constant (L/min).

The pseudo-second order (PSO) model in Eq (19) describes an
adsorption process driven by chemisorption. The adsorption rate de-
pends on the adsorption capacity and is proportional to the square of the
number of unoccupied sites.

18)

szez

T 1+ kaqt 19

a:

where k; is the adsorption rate constant (g/(mg.min)). The Elovich ki-
netic model (Eq (20)) proposes that adsorption is multilayered and that
the adsorption rate decreases exponentially as the number of unoccu-
pied sites decreases. (Ayawei et al., 2017)

g: = aln(aa) + alnt (20)
where a (mg/(g.min)) and a (mg/g) are the Elovich constants.

The intraparticle diffusion model assumes that the migration of
adsorbate particles from the boundary layer to the pores of an adsorbent
is the driving force for adsorption. For this model, the adsorption ca-
pacity at time t is calculated as

q: = kp t/? 21

where kp is the intraparticle diffusion rate constant in mg/g.min~%>
and t is the adsorption time (min). If the plot of q; vs 12 is linear, it
indicates that intraparticle diffusion is the rate-determining step for
adsorption.
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2.5.3. Model fitting
To determine which isotherm model provided a better fit, the R? was
calculated using Eq (22).

R* =1- 5 (22)
where E; and E; are estimated using Eq (23) and Eq (24).

E= (G — Qe ) (23)
Ey = (e op — Gedn ) 24

The model parameters were estimated by calculating E; and E, for
each data point and then minimising these errors by changing the
guessed parameters using the Solver feature in Microsoft Excel. The
model which provided the best fit would be the one with the highest R
The more suitable kinetic model was determined by comparing the R?
values of model fits obtained using trendlines on Microsoft excel graphs.

3. Results and discussion
3.1. Characterisation

3.1.1. Morphology (SEM)

The amorphous morphology of MO seed coat changed significantly
following acid hydrolysis and carbonisation as shown in Fig. 1. The
resultant biochar consisted of aggregated carbon nanospheres as well as
some irregularly shaped structures. Lee et al. (2019) reported similar
morphological structures of their carbon black, which is typically pro-
duced through pyrolysis at temperatures of 1100 °C — 1300 °C (Jiang
et al., 2024).

3.1.2. Surface chemistry and elemental composition (EDX and CHNOS)

Acid hydrolysis and carbonisation decreased the H/C ratio producing
biochar with greater aromaticity (Domingues et al., 2017b; Wijitkosum
et al., 2019; Décima et al., 2021). The reduction of the O/C and (O +
N)/C ratio indicate increased hydrophobicity due to loss of polar func-
tional groups in the biochar compared to the raw biosorbent (Tan et al.,
2015).

The biochar synthesised has the highest carbon content and the
lowest oxygen and hydrogen content of the three biosorbents in Table 3.
Consequently, it has the lowest H/C, O/C, and (O + N)/C ratio of the
three biosorbents. It is therefore the most non-polar, hydrophobic, and
aromatic of the three biosorbents and thus best suited for CBZ removal.
(Fig. 2)

3.1.3. Surface functionality (FTIR)
Fig. 3 depicts the FTIR spectra of the biosorbents synthesised in this
study. The weak, broad peak at 3321 cm™ in the raw biosorbent and

Fig. 1. SEM micrographs of synthesised biosorbents.
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Table 3
Elemental analysis of the biosorbents synthesised.
Biosorbent % C % H % N % O % S H/C o/C O+ N)/
C
Raw 52.3 7.10 2.50 44.7 0.50 0.14 0.85 0.902
H3PO,- 54.7 6.90 0.80 37.4 0.20 0.13 0.68 0.698
mod
Biochar 59.6 2.10 1.50 36.7 0.10 0.04 0.62 0.641

3340 cm™, in the H3PO4-mod biosorbent, is attributed to O—H bond
stretching. The strong, narrow peaks at 2929 cm™ and 2851 cm’ 1, in the
raw biosorbent, and 2924 cm™! and 2848 cm™, in the H3PO4-mod bio-
sorbent, are attributed to C—H stretching vibrations. The peaks at 1661
em’! and 1655 em™, in the raw and H3PO4-mod biosorbents, respec-
tively, corresponds to C = C stretching in a cyclic alkene, this aids n- &
interactions with aromatic rings in CBZ. The peaks observed at 1034 cm’
! and 1030 ecm™! and between 1200 em™ and 1300 cm™ ! in the raw and
H3PO4-mod biosorbents correspond to C—O stretching in an aromatic
ester (LibreTexts Chemistry, 2024) — which could also aid in CBZ
adsorption via n- © interactions. The rice husk biosorbent generated by
Aghababaei et al. (2021) exhibited a peak at 1230 em! which corre-
sponds to C—O-C ether bond stretching vibrations in esters or aldehydes
This confirms the formation of aldehydes and ketones during acid
treatment of biomass and ester bonds facilitate the cross-linking of lignin
and hemicellulose within biomass as suggested by Jonsson et al. (2016).

The FTIR spectrum of the biochar lacks the O—H stretching and C—H
stretching vibrations between 2800 cm™ and 3600 cm™ in the raw and
H3PO4-mod biosorbents. The peak at 1573 cm™ represents C = C
stretching in a cyclic alkene (LibreTexts Chemistry, 2024) and the shift
from 1655 cm™ in the H3PO4-mod biosorbent is due to higher degree of
condensation of the aromatic structures in the biosorbent Zeghioud
et al., 2022). The peak at 1132 cm? and 989 em™? corresponds C—O
stretching vibrations and C = C bending in an alkene, respectively
(LibreTexts Chemistry, 2024).

3.1.4. Crystallinity (XRD)

The X-ray diffractogram of the biochar exhibited broad peaks at 20
= 28° and 51° The peak at 28° is a reflection of the (002) plane of
graphitic or turbostratic carbon, while the peak at 51° is the reflection of
the (004) plane representing graphitic carbon (Chen, 2020). The peak
shifts when compared to biochar in literature are typically attributed to
silica or carbonate impurities (Domingues et al., 2017a; Kritikaki et al.,
2025). However EDX (Fig. 2) and XRD (Fig. 4) analyses detected mini-
mal impurities; thus confirming Chen (2020)’s explanation.

3.1.5. Textural properties (BET)

The hysteresis curves of the raw biosorbent and the biochar are
presented in Fig. 5a and Fig. 5b, respectively. The raw biosorbent ex-
hibits a type II N2 adsorption/desorption isotherm which is character-
istic of a non-porous absorbent while the biochar exhibits a type IV
isotherm characteristic of mesoporous adsorbents. However, the biochar
exhibits a type H4 hysteresis loop which indicates the presence of
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Fig. 4. X-ray diffractograms of biosorbents.

narrow, slit-like pores in a microporous biosorbent. The type IV
isotherm and H4 hysteresis loop indicate that the biochar has significant
micropore (< 2 nm) and mesopore (2 — 50 nm) fractions which would
aid in adsorption of CBZ (Sing et al., 1985).

The specific surface area (Sggr), total pore volume (V1) and average
pore diameter (Dayg) are presented in Table 4. Acid hydrolysis and
carbonization increased Sggr of the raw biosorbent from 1.16 mz/g to
237.3m?/g. Wang et al. (2020) reportedly produced biochar with Sggr =
659.6 m2/g through H3POy4 hydrolysis and subsequent pyrolysis at 600
°C.

H;P0,-mod

Biochar
79.3%
20.7%

ol

0= P r T T T T T T T T TR T g

Fig. 2. EDX analysis of synthesised biosorbents.
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Table 4
Textural properties of the raw biosorbent and biochar from BET analysis.
Biosorbent Sper (m%/g) Vr (cm®/g) Davg A
Raw 1.160 0.0028 97.52
Biochar 237.3 0.1814 30.57

3.2. Effect of variables using OVAT

3.2.1. Effect of adsorption time

The effect of adsorption time was studied at an agitation speed of 200
rpm, 30 °C as presented in Fig. 6. A fast adsorption rate is observed up to
60 min due to the rapid occupation of abundant adsorption sites (Naghdi
et al., 2019; Lopes et al., 2022). Afterwards the adsorption rate slows
down up to 120 min as surface adsorption sites are filled up. In this
phase, intraparticle diffusion (i.e. pore diffusion) drives the adsorption
process (Aghababaei et al., 2023). After 120 min, 93.3 % of CBZ had
been removed and equilibrium was reached; minimal adsorption took
place after this time. This supports the findings of Naghdi et al. (2019)
who reported that their pinewood nanobiochar removed 95 % of CBZ in
under 3 h of adsorption.

3.2.2. Effect of agitation speed

Faster agitation speed results in a thinner external boundary layer,
increased mass transfer across the boundary layer and a higher
adsorption rate (Naghdi et al., 2019). The effect of agitation speed on the

50

O I I 1

90 120 150 180

Time (mins)

30 60

Fig. 6. Effect of adsorption time on adsorption capacity for CBZ.
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adsorption capacity was evaluated at a constant temperature (30 °C) and
adsorption time (3 hrs). Fig. 7 presents the findings of the adsorption
experiments.

Increasing the agitation speed from 100 to 200 rpm increased the
adsorption capacity by 6.94 %. A lower increase (4.76 %) occurred
between 200 rpm and 300 rpm and the highest increase (8.61 %)
occurred between 300 and 400 rpm. The maximum adsorption capacity
was obtained at an agitation speed of 400 rpm. These suggest that
agitation speed influences the adsorption capacity as reported in liter-
ature (Naghdi et al., 2019; Aghababaei et al., 2023; Agilandeswari et al.,
2024).

3.2.3. Effect of adsorption temperature

The effect of adsorption temperature was evaluated at a constant
agitation speed of 200 rpm and adsorption time of 3 h. The results of the
OVAT experiments conducted are presented in Fig. 8. The adsorption
capacity increased from 44.58 mg/g to 45.23 mg/g when the tempera-
ture increased from 30 °C to 40 °C. A more significant 6.88 % increase
from 45.23 mg/g to 48.34 mg/g occurred with increase from 40 °C to 50
°C. The highest adsorption capacity was obtained at 50 °C. Similarly,
Agilandeswari et al. (2024) reported an increase in the percentage
removal of CBZ when the temperature was increased from 30 °C to 50 °C
and Aghababaei et al. (2023) also reported an increase in CBZ adsorp-
tion onto flax shives and oat hull-derived hydrochar with an increase in
temperature from 20 °C to 40 °C. The increase in CBZ removal was
attributed to reduction of the viscosity of water at higher temperature
and increased the rate of CBZ diffusion through the external boundary

60
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£ 30 -

20 -
10

53.09

\

400
Agitation speed (rpm)

Fig. 7. Effect of agitation speed on adsorption capacity.
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Fig. 8. Effect of temperature on adsorption capacity.

Table 5
Fit statistics for quadratic regression models.

Parameter Value

R? 0.9754

R? -adjusted 0.9015

CV % 2.27

AP 11.90

Table 6
ANOVA of quadratic regression model for adsorption capacity.

Source de SSE MSE F-value p-value
Model 9 132.8 14.76 13.20 0.028
A-Agitation speed 1 57.56 57.56 51.48 0.006
B-Temperature 1 2.128 2.128 1.903 0.262
C-Time 1 2.993 2.993 2.677 0.200
AB 1 4.584 4.584 4.100 0.136
AC 1 1.768 1.768 1.581 0.298
BC 1 2.863 2.863 2.560 0.208
A? 1 0.977 0.977 0.874 0.419
B? 1 30.83 30.83 27.57 0.013
(& 1 4.417 4.417 3.950 0.141
Residual 3 3.354 1.118
Cor Total 12 136.2

layer of the adsorbent — suggesting endothermic adsorption of CBZ.

3.3. Effect of operating variables using statistically designed experiments

3.3.1. Model development

Eq(25) is the quadratic regression model fit for the adsorption
capacity.

Qe = 79.47 + 0.09557A — 2734B + 0.7936 C —
0.001071 AB + 000.6648 AC + 0.08406 BCE

— — 0.00006537 A2 + 0.03673 B2 — 1.390 C2 (25)

Based on the high coefficient of determination (R?) and adjusted R?is
<10 % the model describes the experimental data well. The precision of
the model is confirmed by coefficient of variance (CV %) <10 % and
adequate precision (AP) > 11, as seen in Table 5. (Table 6, 7)

3.3.2. ANOVA of quadratic regression model

The ANOVA (Table 6) confirms the OVAT result that agitation speed
influences adsorption capacity significantly based on the p-value of
0.006 in Table 6. This supports the findings of Aghababaei et al. (2023)
and Agilandeswari et al. (2024) that agitation speed directly influences
CBZ removal. According to the ANOVA, temperature and adsorption
time do not significantly affect CBZ adsorption contrary to the OVAT
results. However, the square of the temperature was found to be sta-
tistically significant with p = 0.015 < 0.05. This phenomenon indicates
that temperature affects adsorption capacity quadratically rather than in
a linear manner as explained by the Dubinin-Radushkevich isotherm
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Table 7
t-Test for Qe, experimental and e, predicted-

Qe, experimental (Mg/8) Qe, predicted (Mg/g)

Mean (p) 46.58 46.51
Variance (%) 11.35 11.02
Observations 13 13
Hypothesised Mean Difference 0

\’4 24

T 0.05138

P(T < t) two-tail 0.9594

Table 8
Comparison of mf400odel prediction to experimental
data at optimum adsorption conditions.

Value
Qe, predicted (Mg/g) 51.87
Qe, experimental (M8/8) 51.09
% Error 1.53

Adsorption capacity (mg/g)

40

B: Temperature (°C) A: Agitation speed (rpm)

30 200

Fig. 9. Response of adsorption capacity to temperature and agitation speed at
time = 2 h.

model in Eq(14).

The effects of the interactions between the operational conditions on
the adsorption capacity is represented in 3D surface plots (Figs. 9-11).
After an agitation time of 2 h the adsorption capacity increases with a
change in the agitation speed — regardless of the temperature. The
highest removal is obtained at a high agitation speed (400 rpm) and a
low temperature (30 °C).

The effect of the interaction of agitation speed and adsorption time is
best observed at a constant temperature of 30 °C. The highest adsorption
capacity was obtained after a short period of time (1 hour) at a high
agitation speed (350 rpm) (Fig. 9). At a constant agitation speed of 300
rpm, adsorption capacity does not vary appreciably when adsorption
time is varied (Fig. 10); the adsorption temperature has a greater in-
fluence on the adsorption capacity at a constant agitation speed. This is
not expected considering the p-value of temperature (0.262) is higher
than that of time (0.200) from the model fit which should indicate that
temperature has a less significant effect than adsorption time (Fig. 11).

3.3.3. Model validation

A t-test was conducted to validate the model, and the results of the t-
test are presented in Table 7. For this study, P(T < t) = 0.9594 > 0.05
(Starbuck, 2023) indicating that the difference between the model
prediction and the experimental data is not statistically significant. The
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17200

Fig. 10. Response of adsorption capacity to changing time and agitation speed
at temperature = 40 °C.

Adsorption capacity (mg/g)

5
2
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Fig. 11. Response of adsorption capacity to changing time and temperature at
an agitation speed of 300 rpm.

quadratic regression model adequately predicted the adsorption ca-
pacity within the BBD design space (refer to Table 2).

3.3.4. Optimisation

The optimisation conducted predicted a maximum adsorption ca-
pacity of 51.87 mg/g at 400 rpm, 30 °C after 2.15 h. This prediction was
validated by comparing it to experimental results at the predicted op-
timum conditions as presented in Table 8. The experimental result is
within 5 % of the model prediction thus confirming the reliability of the
prediction. Next, the changes in the biochar surface functionality due to
adsorption at the optimum conditions were studied through FTIR.

The purity of the CBZ used for this work was confirmed by peaks at
3465 cml, 1675 cm’ 1, and 1376 cm™ in Fig. 13. This spectrum was
compared to the post-adsorption biochar spectrum in Fig. 12. The in-
tensity of the biochar FTIR peaks reduced significantly after CBZ
adsorption — suggesting lower concentration of these functional groups
on the biosorbent surface due to adsorption (Pasieczna-Patkowska et al.,
2025). Additionally, notable peak shifts occurred from 939 cm™ to 975
cm™ and 3068 cm™ to 3104 cm™. The peak at 939 cm™ corresponds to C
= C bending (LibreTexts Chemistry, 2024) and the peak at 3068 cm™ is
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attributed to O—H bending (Quesada et al., 2019). The shift of these
peaks to higher wavenumbers could indicate binding of these functional
groups to other species including pollutants (Ellerbrock et al., 2021).
The post-adsorption FTIR confirms CBZ adsorption onto the adsorption
surface, particularly via chemisorption.

3.4. Adsorption kinetics and isotherms

The adsorption kinetic and isotherm studies were conducted at 400
rpm, 50 °C up to 2 h of adsorption. The results of adsorption isotherm
model fits presented in Fig. 14 and Table 9 indicate that the adsorption is
best described by the Temkin isotherm model, suggesting reversible
adsorption with a linear decrease in the heat of adsorption as more
adsorption sites are occupied (Baghdadi et al., 2016; To et al., 2019).
The adsorption kinetic model fits presented in Fig. 15 and

Table 10, the PSO describes the experimental data best; indicating
chemisorption as the driving force for the adsorption with the adsorp-
tion rate being proportional to the number of unoccupied adsorption
sites. This finding corroborates the findings of the studies by Shin et al.
(2020) who studied CBZ adsorption onto biochar generated from coffee
grounds and Nezhadali et al. (2022) who investigated CBZ adsorption
onto a polypryole-chitosan composite adsorbent.
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Table 9
Adsorption isotherm model fits.

Model
Langmuir
Ky (L/g) 0.002963
Qm (mg/g) 389.0
R? 0.9998
SSE 0.3368
Freundlich
K (mg/g)(L/®)"/™ 1.292
ng (mg/g) 1.081
R? 0.9998
SSE 0.4161
Temkin
b (kJ/mol) 60.49
Kr (L/8) 0.05917
R? 0.9999
SSE 0.3007
Sips
Qm (mg/g) 2.068
Ks 0.3185
ng 1.176
R? 0.9994
SSE 1.560
Dubinin-Radushkevich
B (kJ/mol) 0.0001655
Qm (mg/g) 77.02
R? 0.9998
SSE 0.5233
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Fig. 15. Adsorption kinetic model fit for experimental adsorption data at 400
rpm and 50 °C.

377

South African Journal of Chemical Engineering 55 (2026) 368-379

Table 10
Adsorption kinetic model fits for the experimental data.

Model

Pseudo-first order

k; (min?) —~0.1648
qe (mg/g) 50.23
R? 0.9992
SSE 1.573
Pseudo-second order

k, (g.(mg.min™)) 0.01073
qe (mg/g) 51.77
R? 0.9999
SSE 0.2840
Elovich

a (mg.(g.min’l)) 7.52 x 10°
o (mg/g) 2.40

R? 0.9947
SSE 1.877
Intraparticle diffusion

k (mg/(g.min%)) 0.6021
C (mg/g) 44.86
R? 0.9983
SSE 3.404

3.5. Comparison with other adsorbents

The biochar synthesised in this study achieved a maximum adsorp-
tion capacity of 51.09 mg CBZ/g biosorbent and is compared to other
adsorbents in Table 11. This value is comparable to the adsorption ca-
pacity of organoclays (34.34 mg/g) reported by Viegas et al. (2024) and
the adsorption capacity of rice husk biochar (40.0 mg/g) reported by Liu
et al. (2013). These adsorption capacities are however dwarfed by the
adsorption capacity of biochars obtained from pomelo peels (286.5
mg/g) and leather shavings (133.0 mg/g) as reported by Chen et al.
(2017a) and Marques et al. (2022). The highest adsorption capacity
(684.8 mg/g) was obtained using giant macroporous silica (Alver et al.,
2024) while rice husk biochar had the lowest maximum adsorption
capacity (14.81 mg/g). The biochar produced for this study is therefore
a promising adsorbent for CBZ removal.

4. Conclusion

Acid hydrolysis of MO seed coat with H3PO4 for 24 h and subsequent

Table 11
Adsorption capacity of various biosorbents.
Adsorbent Qm u T(°C) t Reference
(mg/ (rpm) (hours)
8)

Macroporous 684.8 150 22 1.5 (Alver et al.,
silica 2024)

Peanut shell 14.81 120 Ambient 168 (Chen et al.,
biochar 2017b)

Pomelo peel 286.5 180 25 24 (Chen et al.,
biochar 2017a)

Rice husk biochar  40.0 180 28 2 (Liu et al., 2013)

Peach stone 242 250 39 4 (Alvarez—TorrellaS
activated et al., 2017)
carbon

Leather shavings 133 150 25 24 (Marques et al.,
biochar 2022)

Modified 376.1 - - - (Zhong et al.,
hydrochar 2025)

Organoclay 34.34 110 25 24 (Viegas et al.,

2024)

Polypyrole- 122.0 400 25 0.417 (Nezhadali et al.,
chitosan 2022)
nanocomposite

MO seed coat 51.09 400 30 2 This study
biochar
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carbonisation at 600 °C for 4 h produced biochar with good physico-
chemical properties for adsorption. The surface area, surface function-
ality, crystallinity, and elemental composition of the biochar enhance its
CBZ adsorption potential. The effect of operating parameters on the
adsorption capacity were studied OVAT and through Box-Behnken
experimental design with response surface methodology. Statistical
ANOVA confirmed the reliability of a quadratic regression model for the
prediction of the adsorption capacity of CBZ onto MO seed coat biochar.
Agitation speed significantly influences adsorption capacity unlike
temperature and adsorption time. The optimum adsorption conditions
were found to be 400 rpm, 30 °C, and 2.15 h. adsorption was best
described by pseudo-second order kinetics and the Temkin isotherm
model. MO seed coat-derived biochar is an effective biosorbent for CBZ
adsorption from model wastewater. Future work should investigate the
biochar performance in real wastewater systems and further inform on
the mechanism of adsorption of CBZ and other pharmaceuticals onto
biochar.
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