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ABSTRACT

In this work, bagasse, an agricultural waste was used for the development of environmentally benign biochar (CBG) and the
thermal pyrolysis product applied for adsorption of sulfamethoxazole (SMX) from water using a batch technique. The
pseudo-first-order model best described the adsorption kinetics. Equilibrium adsorption data were modelled using six two-
parameter and five three-parameter isotherm equations and the best-fitting models obtained using five error functions. The Sips
isotherm best predicted the equilibrium data with an estimated adsorption capacity of 128.8 mg g™'. Error analysis showed that
three-parameter isotherms best explained the experimental data. The thermodynamic functions, viz. enthalpy (AH =
-24.72 k] mol™), Gibbs free energy (AG = -15.67 k] mol™), entropy (AS = 32.65 k] mol™), showed that the reaction is spontaneous
and exothermic. The mechanism of adsorption involved charge-assisted hydrogen bonding (-)CAHB. The amount of CBG
required for the removal of 99 % of SMX in a given volume of effluent was predicted. The results attest that CBG is an effective

low-cost adsorbent for SMX adsorption.
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1. Introduction

The accumulation of pharmaceutical ingredients in water and
soilis a subject of increasing concern in recent decades.! Pharma-
ceutical compounds and veterinary drugs enter the environ-
ment through various means but not limited to: the discharge of
treated wastewater effluents into recipient water bodies, land-
fills leachates, and indiscriminate dumping of residual and
expired drugs.?2 Concerning the various categories of antibiotics,
sulfonamides such as sulfamethoxazole (SMX) have often been
reported in treated effluents from conventional wastewater
treatment systems.? This indicates their recalcitrance to tradi-
tional wastewater treatment techniques and underscores the
demand for the evaluation of alternative efficient sequestration
methods.# Sulfonamides in the environment have been shown
to cause a considerable variety of health-related disorders.> A
broad spectrum of adsorbents has been proposed for the elimi-
nation of sulfonamides from water. These include walnut shells,°
iron oxide modified clays,” haematite nanoparticles,® goethite,’
graphene oxide!® and biochars.!!

Biochars have received considerable attention in the removal
of sulfonamides due to their inexpensiveness owing to the
plethora of agronomical biomass.!? Furthermore, biochars are
environmentally friendly materials and the pyrolysis of wastes
is not only an environmental management strategy but also
converts waste materials to utilizable resources. However, the
performance of the biochars as adsorbents and the concomitant
adsorption mechanisms depend on the precursor material and
preparation conditions.!>!* Since there is no unifying theory
combining the biomass type, preparation conditions, and
performance, the adsorptive potential of biochars are normally

* To whom correspondence should be addressed. E-mail: vshikuku @kafuco.ac.ke

examined individually and the performance compared with
other adsorbents. As such, this study aimed to evaluate the
adsorptive behaviour of carbonized bagasse biochar (CBG),
derived from an abundant and unutilized agronomical waste,
for the elimination of sulfamethoxazole from water. The effects
of pH, temperature, SMX concentration, reaction time, and
amount of adsorbent have been examined. Six nonlinear
two-parameter isotherms models (Langmuir, Freundlich,
Temkin, Elovich, Fowler-Guggenheim and Flory-Huggins
models) and five three-parameter isotherms (Hill, Sips, Koble-
Corrigan, Toth, and Redlich-Peterson) models were tested to
provide insight on the adsorbate—adsorbentinteractions and the
best-fitted model determined using five error functions, viz.
average relative error (ARE), hybrid fractional error function
(HYBRID), chi-square (y?), Marquart’s percentage standard
deviation (MPSD), and the sum of absolute errors (EABS). Kinetic
data were processed using the nonlinear regression of the
widely used pseudo-first (PFO) and pseudo-second-order
(PSO) kinetic models.

2. Materials and Methods

2.1. Adsorbent Preparation

The sugarcane bagasse derived biochar (CBG) was prepared
by chopping the biomass into pieces followed by thorough
washing with deionized water for the removal of all adhering
dirt and then air-dried for 24 h before pyrolysis. Biochar
was prepared by slow-pyrolysis at 350 °C at a heating rate of
10 °C min™! and a residence time of 60 min in a furnace. The
biochar was then cleaned with deionized water and oven-dried
at 100 °C for 2 h."® The resultant product, CBG, was sieved
through a 200 um sieve and was ready for use.
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2.2. Biochar Characterization

The elements present in the bagasse biochar (CBG) were
acquired by XRF (Bruker S1 TITAN) technique. The functional
groups in the CBG sample were obtained using FTIR (Nicolet
iS-5, USA) spectroscopy. The mineralogical composition was
obtained using X-ray diffraction (X-ray Brucker diffractometer
D8 Advance with copper radiation, K, = 1.5406) analysis. Sur-
face morphology was inspected by a scanning electron
microscopy (SEM) (Zeiss Evo LS 15 SEM) while the pH drift ap-
proach was used to estimate the point of zero charge (pH,,.).
2.3. Adsorption Experiments

For the adsorption experiment, 0.1 g of CBG was added to
50 mL of 1 mg L-! solution of sulfamethoxazole (SMX), and the
contents were shaken at 120 rpm at 298 K. At the predetermined
time between 0 and 420 min, the SMX remaining in the aqueous
phase was quantified. The effects of initial SMX concentration
(0.25-1.25mg L) at room temperature and pH 6.4, and temper-
ature (298, 308, 318, 328, and 338 K) were also examined. The
effect of solution pH was performed between pH 2 and 10 using
0.1 M HCI and 0.1 M NaOH solutions to adjust the pH accord-
ingly. Aliquots of 0.5 mL were extracted from the reaction vessels
and sieved using 0.2-um filters and analyzed for SMX. The
experiments were conducted in triplicate. Sulfamethoxazole
(SMX) was analyzed using HPLC with ultraviolet (UV) detection
(Shimadzu LC 20AT) at 270 nm with acetonitrile and water (90:10
v/v) as the mobile phase.” The chemicals used were analytical
grade purchased from Kobian Limited (Kenya). The amount of
SMX adsorbed onto CBG at equilibrium (q,) and the percentage
removal (%R) were calculated by the equations:

4@ _(G-CV 1)
m
R=S1=C) L q00 )

where V is the volume of solution (L), m is mass of CBG (g), and
C, and C, represent the initial and equilibrium SMX concentra-
tions, respectively.

3. Results and Discussion

3.1. Biochar Characteristics

3.1.1. Elemental Composition

The elements present in the carbonized bagasse biochar (CBG)
as obtained by XRF analysis is summarized in Table 1. The metal
ions presentin the highestamounts in CBG were calcium, potas-
sium, and iron in descending order.

3.1.2. Surface Morphology Analysis

The SEM micrograph of CBG is displayed in Fig. 1. The micro-
graphs depict spherical-like metal oxide dispersed on the sur-
face of the material with a visibly large cavity and heterogeneous
surface morphology. The open cavities seem to have the poten-
tial of trapping small-sized adsorbate molecules.

3.1.3. Crystallinity and Mineralogical Analysis
XRD analysis was done to obtain the mineralogical composi-

Table1 Elemental composition (%) of carbonized bagasse (CBG) biochar.

Fe K Ca Si Mn Ti Zn Cu

CBG 1853 2952 3752 529 549 221 082  0.62

Figure 1 SEM micrograph of carbonized bagasse (CBG).

tion of CBG. The XRD diffractogram is depicted in Fig. 2. The
carbonized bagasse was largely amorphous with SiO, as the only
notable crystalline phase (Fig. 2).

3.1.4. FT-IR Analysis

The FTIR spectra of the carbonized bagasse biochar are dis-
played in Fig. 3. The bands at 3600-3300 cm™! were assigned to
both free and hydrogen-bonded -OH stretching vibrations from
the phenols present. The bands in the 1700-1600 cm™' region
were ascribed to C=0O stretching vibrations resulting from
ketones, carboxylic acids, anhydrides and esters.!® The bands
around 1500-1400 cm~! were attributed to inorganic functional
groups such as alumina-silicates and metal oxides.!”

3.2. Adsorption Kinetics

The abstraction efficiency (%R) of sulfamethoxazole (SMX)
by the carbonized bagasse (CBG) increased steadily with time
leading to saturation in 300 min (Fig. 4). The percentage removal
(%R) at equilibrium was 78 %. The high instantaneous percent-
age removalis due to the vast number of unoccupied adsorption
sites. However, the equilibrium phase is due to inaccessibility to
adsorption sites with continued loading of SMX in the solid
phase.

To obtain the adsorption rate, the nonlinear pseudo-first-order
(PFO)'® and pseudo-second-order (PSO)!” kinetic rate equations
were used. The relative applicability of the models was assessed
using the coefficient of determination (R?) values and the extent
of closeness between empirical equilibrium adsorption capacity
(9exp) and the predicted figures (q.) calculated from the models.
The coefficient of determination (R?) is given by:

z (qexp - C71cal )2
R? = i=1
z(qexp - q:al )2 +2(qexp ~ el )2
i=1 i=1

)

where q, is the model calculated equilibrium concentration
adsorbed, q.,, is the experimentally determined equilibrium
concentration adsorbed and q,(bar) is the mean of q.,, and n is
the number of data points.

The kinetic models are represented by Equations 4 and 5 and
the calculated parameters are listed in Table 2.

Pseudo-first-order (PFO) model: q, = q.(1- rkaty (4)
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Figure 3 FTIR spectra of carbonized bagasse (CBG).

Table 2 The kinetic model parameters for SMX uptake by CBG.

Kinetic model PFO PSO

Parameters Qeaymg g™ = 2.27 x 107
K, min™ = 58537.2

qe(exp) mg gil = 023

Qeeay MG g’ =126 x107
K, g mg' min™ = 9155.1
qe(exp) mg g71 = 023

R* 1.000 0.975

qgkzt

5
1+k,q,t ©)

Pseudo-second-order (PSO) model: q, =

The PFO model depicted an accurate prediction power of the
experimental data as shown by an R? value of unity and conver-
gence of predicted and experimental equilibrium sorption
capacities. Besides the relatively high R? value for the PSO
model, it is evident that the prediction error of the PSO (q.,)
against the experimental adsorption capacities (q.,) is huge and
the model unsatisfactorily predicts the experimental data.
Therefore, the huge deviation of the predicted equilibrium

Table 3 Nonlinear two-parameter isotherm parameters for SMX uptake.

0.45

o
IS
K
-
H

0.35 T

o
w
—

0.25 T

o 2 o
= o N
h

2

Amount adsorbed, Qt/mg g1

0.05 N

0 50 100 150 200 250 300 350 400 450
Time, t/min

Figure 4 Evolution of removal efficiency of SMX by CBG against time.

capacity from the empirical denotes that SMX adsorption onto
the CBG cannot be a PSO process. The PFO model assumes a
physisorption driven rate-controlling step.

3.3. Two-parameter Isotherm Modelling

The calculated two-parameter isotherm constants are summa-
rized in Table 3. The coefficient of determination (R?) has been
extensively used for the determination of the most applicable
isotherms. However, Zheng et al.?* showed that solely used, R?
is insufficient to determine best-fitting models. Furthermore,
linear regression of nonlinear isotherms has also been shown
to induce errors in parameter estimations resulting in mislead-
ing conclusions.?'?2 To overcome these challenges, nonlinear
regression was used and mathematical error functions (HYBRID,
MPSD, EABS, x?, and ARE), shown in Table 4, applied for the
determination for the most applicable isotherm.

3.3.1. Langmuir Isotherm
Langmuir? isotherm equation postulates monolayer adsorp-
tion of adsorbate molecules, with no lateral interactions, onto a

Isotherm Langmuir Freundlich Temkin Elovich Flory-Huggins Fowler-Guggenheim
Parameters Q,=0.0 K. =1.28 b, =9.0 Qo = 105.6 n =295 W = 5575.1

K, =123 I/n =134 Ap=92 K; = 0.008 Ky = 15.46 Kig = 95.71
R? 0.861 1.000 0.967 0.944 0.939 0.857
EABS 1.787 0.461 0.648 1.167 0.611 0.810
ARE 35.745 9.214 12.960 23.330 12.230 16.210
HYBRID 3.622 0.250 0.498 1.597 3.497 1.221
Ve 0.064 0.770 0.017 0.030 0.104 0.036
MPSD 19.032 4.997 7.055 12.638 18.700 11.051
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Table 4 Error functions applied in isotherm analysis.

Error function Equation

Definition of parameters

2
HYBRID 100 2 (Teexp) ~ De(ca))
n- p i=1 qe(exp)
MPSD n ( - )?
1 e X 9e 1
100 P E———
n-=pia qf(exp)
EABS Z qu(cal) - qe(exp) )|
i=1
Chi-square (¢ $ Qe = B
i=1 qe(exp)

Average relative error (ARE) 100 (qe(exp) - qe(cal))

2

Cle(E><P)

Qeexp): €Xperimental values;

Ge(ealy: Calculated values;

n: the number of data points in the experimental data;
p: the number of parameters in the isotherm model.

morphologically homogeneous adsorbent surface with a fixed
number of energetically identical adsorption sites. The non-
linear form of the Langmuir equation is expressed as:

_ QOKLCe
de=11x,C,
where q, is the amount of adsorbate in adsorbent at equilibrium
(mg g), C, is the residual adsorbate concentration in the
solution at equilibrium (mg L™), Q, is the theoretical maximum
adsorption capacity (mg g") and K| is the Langmuir constant
Lgh.

In the present work, the low R? value and a calculated theoreti-
cal maximum adsorption density of zero (0) (Table 3), which lack
practical significance, denote that the predictions of the
Langmuir model were unacceptable. This conclusion was
further ascertained by the error function figures and therefore
the assumptions of the Langmuir isotherm do not adequately
account for the uptake of SMX onto the biochar.

(©)

3.3.2. Freundlich Isotherm

The Freundlich isotherm? (Freundlich, 1906) postulates a
multilayer adsorption process onto a heterogeneous adsorbent
surface and excludes lateral interactions. The Freundlich equa-
tion is represented as:

qe =KiCl 7)

Treybal® associated Freundlich constant n with the favour-
ability of an adsorption process. In this study, the n-value (0.749)
(Table 3) would correspond to poor adsorption potential. To
et al.?® reported that the magnitude of 1/n indicates the strength
of the adsorbate-adsorbent bonds. As such, the calculated 1/n
value (1.335) in this study bespeak of weak adsorbate-adsorbent
forces corresponding to physisorption. The 1/n values greater
than 1imply cooperative adsorption.?” The R? value of unity and
the least magnitude of error functions denote that the underly-
ing theories of the Freundlich isotherm satisfactorily accounted
for the adsorption of SMX onto the biochar.

3.3.3. Temkin Isotherm
Temkin isotherm model incorporates the impact of adsorbate—
adsorbate interactions on the adsorption reaction. The model

presupposes that the energy of adsorption (AH,4,) decreases
linearly with increased surface coverage.?® The Temkin isotherm
is reported to be valid for a moderate space of ion concentra-
tions.?

qe = BT(ATCe) (8)
B, = fT;[ ©)

Adsorption energy (B;In(A)) ranging between 8 and 16 k] mol-!
is associated with chemisorptions, as well as by values above
80 k] mol-130 As seen in Table 3, the computed value of B{In(A;)
was 0.613 k] mol-! with a corresponding b; value of 9.01 k] mol-,
suggesting physical interaction between SMX and CBG. Addi-
tionally, the b; value was positive, implying an exothermic
adsorption reaction.3! Both the relatively high coefficient of
determination (R? = 0.967) and error functions attest to the suit-
ability of the Temkin model to account for the sorption of SMX
onto CBG.

3.3.4. Flory-Huggins Isotherm

This isotherm, derived from the surface coverage parameter,
gives insight on the spontaneity of the adsorption reaction. The
Flory-Huggins isotherm is presented by the relation:3

)

— =Kpyy(1-6)" ™ 10

C. rri(1-6) (10)
C

0=1--¢ 11
C (11)

o

where K, is the Flory-Huggins equilibrium constant (L mg™).
The ny; parameter represents the number of adsorbate ions
occupying sorption sites. The equilibrium constant, Ky, can be
employed to calculate the Gibbs free energy following the
relation:®

AG = —RTInK (12)

The error function analysis depicts that this model suited the
equilibrium data better than the Langmuir isotherm (Table 3).
The calculated Gibbs free energy (AG) from the Flory-Huggins
equilibrium constant (Kg;) was —6787.4 ] mol-! at 298 K. The
negative AG value implies that the adsorption reaction of SMX
onto CBG is thermodynamically spontaneous.
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3.3.5. Fowler-Guggenheim Isotherm
The Fowler-Guggenheim model takes into account the lateral
interaction of the adsorbate species in the solid phase. The
Fowler-Guggenheim model is defined as:3
Orc

C.- Cxp[z eFGw]
I<FG(1 - eFG)

where K. is the Fowler-Guggenheim equilibrium constant
(L mg™), 6 the fractional coverage, R the gas constant (k] mol™
K™, T the temperature (K), and W represents the interaction
energy between adsorbed molecules (k] mol™).

The isotherm theorizes a linear variation of the energy of
adsorption with adsorbate loading. On adsorbate interactions,
when W is positive, the interaction between the adsorbates is
attractive. Contrarily, negative W denote repulsive interaction
between adsorbed moieties. However, in cases of no interaction
between adsorbed molecules, then W = 0. From Table 3, the
calculated value of W was positive, indicating attractive interac-
tion between the adsorbed SMX molecules. This corroborates
the cooperative adsorption alluded to by the 1/n value of the
Freundlich isotherm. The applicability of this model was less
favourable from the error functions perspective.

(13)

3.3.6. Elovich Isotherm
The Elovich model isotherm3 model presupposes that the
binding sites increase exponentially with adsorption, a charac-
teristic of multilayer adsorption. The Elovich isotherm equation
is given as:
C - qe

quKEeXP[ e J
qmE

where K, is the Elovich equilibrium constant (L mg™) and q,,; is
the Elovich maximum adsorption capacity (mg g™).

The Elovich isotherm constants, Kg, and q,,,z, with the corres-
ponding error function values for the adsorption of SMX onto
the carbonized bagasse are presented in Table 3. Based on error
analysis, the Elovich isotherm better-fitted the experimental
data than Flory-Huggins and Langmuir equations. The calcu-
lated Elovich maximum adsorption capacity of CBG for adsorp-
tion of SMX was 105.6 mg g!. Conformity to the Elovich model
implies multilayer adsorption and agrees with the conclusions
from the Freundlich model. Therefore, for the approximation of
the adsorption capacity, the Elovich model was suitable relative
to the Langmuir isotherm equation. From the error functions
analysis, the relevance of the tested adsorption isotherms to
account for the experimental data was in the order Freundlich >
Temkin > Elovich > Flory-Huggins > Fowler-Guggenheim >
Langmuir model. Figure 5 shows the predictions of two-para-
meter isotherms relative to the experimental data.

(14)
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Figure 5 Experimental and predicted two-parameterisotherm models.

3.4. Three-parameter Isotherm Modelling

The equilibrium sorption data for SMX onto CBG was also
fitted to five three-parameter isotherms, namely Hill, Sips,
Koble-Corrigan, Toth, and Redlich-Peterson models and the
calculated parameters and corresponding error functions values
are summarized in Table 5 and the plots presented in Fig. 6..

3.4.1. Hill Isotherm
The Hill equation® theorizes the fixing of the adsorbates onto a

homogeneous surface. The Hill isotherm model is given by the

relation:

_ dsuCe
Kp+Cgn
This model infers a cooperative adsorption mechanism. In this

model, three scenarios are possible: ny; > 1, positive cooperativity

e (15)
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., 03 Koble-Corrigan
g 025 ..ll;zt(:ich-Peterson
. 0.2
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0
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Figure 6 Three-parameter adsorption isotherms for SMX sorption onto
CBG.

Table 5 Nonlinear three-parameter isotherm model parameters for SMX adsorption.

Isotherm Hill Sips Koble-Corrigan Toth Redlich-Peterson
Parameters ny, = 1.337 a, =0.01 A=1279 z = 4.53E-6 g =0.00
Qs = 470.2 qQus = 128.8 B = 0.006 Qur = 5.47E-6 ap = 0.021
Ky, = 367.7 B, =134 n = 1.335 ap = 0.355 Ky = 0.909
R? 0.986 0.986 0.986 0.945 0.945
EABS 0.460 0.460 0.462 1.161 1.161
ARE 9.200 9.200 9.240 23.220 23.220
HYBRID 0.372 0.372 0.377 2.376 2.376
Ve 0.007 0.007 0.007 0.030 0.030
MPSD 6.103 6.103 6.138 15.415 15.415
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in binding, ny; = 1, non-cooperative, ny; < 1, negative coopera-
tivity in binding. In this study, the Hill isotherm afforded a high
R? value (0.986) with favourable error function values and the
calculated ny; value 1.34 >1 corresponds to positive cooperativity
in binding. The cooperative adsorption is coherent with the
observation from the Freundlich isotherm.

3.4.2. Sips Isotherm
The Sips isotherm® is an amalgam of the Freundlich and
Langmuir isotherms and is applicable for heterogeneous
systems where the adsorbed molecule can occupy more than
one binding site. However, the model does not allow for adsor-
bate-adsorbate synergy. The Sipsisotherm equation is given by:
quaSC zs

1+aClk
where q,,, a,and B, are the isotherm constants. The constant B, is
the heterogeneity index. Generally, the greater the B, value is,
the more heterogeneous the system is said to be. Contrarily,
values closest to unity imply a homogeneous adsorbent surface
corresponding to the Langmuir equation. The equilibrium data
was suitably fitted to the Sips isotherm as attested to by the high
coefficient of determination (R* = 0.986) and error function
values. Notably, the B, parameter (1.34) was above unity a testa-
ment of a heterogeneous system, and consistent with the
Freundlich model. The fitting of this model was equivalent to
the Hill isotherm. The Sips maximum adsorption capacity
(128.8 mg g) was comparable to the value predicted by the
Elovich model.

(16)

e

3.4.3. Toth Isotherm

The Toth isotherm model® improves the fitness of the
Langmuir isotherm to equilibrium data at both small and
large amounts of adsorbed molecules. The Toth correlation
is presented as:

quC e

—me e 17
(ar +C2)” )

e =

The parameter z describes the system’s heterogeneity and is
independent of temperature. The degree of its deviation from
unity is a measure of the degree of heterogeneity.*’ The non-
linear regression parameters for the Toth isotherm are listed in
Table 5. The parameter z, an indicator of heterogeneity, was
4.53 x 107 far from unity. Since the degree of departure from
unity depicts increased heterogeneity, the value obtained in the
present work attests that the adsorption behaviour is heteroge-
neous in agreement with Sips and Freundlich isotherms.
However, the model predicted an extremely low maximum
adsorption capacity of 4.53 x 10-° mg g-! with a relatively lower
R?value (0.945) than Hill and Sips isotherms and the high EABS,
HYBRID and MPSD values, signifying a poor fitting.

3.4.4. Koble-Corrigan Isotherm
AKkin to the Sips isotherm model, the Koble-Corrigan iso-
therm*! amalgamates both Langmuir and Freundlich parame-
ters and postulates heterogeneous sorption. The Koble-Corrigan
equation is given as:
__ACE
1+ BCgx
where A, B, and n are Koble-Corrigen isotherm constants.
In the present work, the Kolbe-Corrigan isotherm afforded a

high coefficient of determination (R? = 0.986) with the parame-
ter ny value of 1.335 > 1. Hossain et al.? interpreted less than

(18)

9e

unity values of ny for biosorption of copper onto palm oil fruit
shells to denote heterogeneous adsorption systems. Therefore,
values of exponent ‘ny’ (<1), unlike in the present work, suggest
that the sorption surface is heterogeneous.*! However, a com-
parison of the Freundlich and the Langmuir model indicates
that heterogeneous adsorption is the preferred mechanism for
uptake of SMX ions onto CBG. Noteworthy, Saadi et al.#?
reported that the Kolbe-Corrigan model is valid only when
ng>1. Therefore, the R? value, relatively lower error function
values and ng > 1 support the applicability of the Kolbe-
Corrigan model though the conclusions from the model are
debatable relative to Hill and Sips isotherms.

3.4.5. Redlich-Peterson Isotherm

The Redlich-Peterson model*? integrates the parameters of the
Langmuir and the Freundlich isotherms, and therefore the
adsorption mechanism can be homogeneous as well as hetero-
geneous. The Redlich-Peterson isotherm equation is given as:

- KaCe (19)

1+agC8
where K; (L g) and a; (mg L) 8 are the Redlich-Peterson
constants, and the g (dimensionless) parameter takes values
from 0 to 1. The parameter g ranges between 0 and 1 for hetero-
geneous sorption.* When g = 1, the equation is reduced to the
Langmuir model. In the present work, the low R* value (0.945)
and the error function values for Redlich-Peterson isotherm
ascertain its inapplicability to account for the sorption of SMX
onto CBG. The obtained parameter g value of zero (0) denotes
that the adsorption system approached the Henry equation and
postulates a heterogeneous adsorption system.* However, the
error function values attest to the inapplicability of the model for
SMX adsorption onto CBG relative to the other three-parameter
models. From the coefficient of determination and error func-
tions analysis, the tested three-parameter isotherms fitted the
equilibrium data in the order Sips = Hill > Koble-Corrigan >
Toth = Redlich-Peterson model. The equivalence of the models
is shown by the overlap of data points.

Je

3.5. Effect of pH

The effect of solution pH on adsorption of sulfamethoxazole
(SMX) onto the CBG was investigated in solution pH ranging
between 2 and 10 and the amount adsorbed (mg g') as influ-
enced by pH is depicted in Fig. 7.

SMX adsorption was strongly affected by pH variation. The
amount of SMX adsorbed at equilibrium decreased from 0.39
to 0.26 mg g! when the pH rose from 4 to 10. This variation was
accounted for by a comparison of the pH,,, of the adsorbent (5.8)
and the pK, value of sulfamethoxazole (5.7).#> The adsorbent
surface is theorized to have an overall positive charge below the

pH,,. and negatively charged above this value (5.8). Therefore,

0.45
0.4
0.35 =
0.3 T
0.25 + - 5
0.2
0.15
0.1
0.05
0

ge/mgeg?
e

0 2 4 6 8 10 12
pH

Figure 7 Effect of pH on the uptake of SMX by CBG.
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in the pH range between 6 and 10, both the biochar surface and
SMX molecules were negatively charged and the decreased
adsorption is a result of coulombic repulsion. Similarly, at pH 2,
both sorbate (SMX*) and adsorbent are positively charged and
hence a significant reduction inamount adsorbed due to electro-
static repulsion. Furthermore, a change from neural (SMX?) to
negatively charged ion (SMX") results to an increase in hydro-
philicity?> with a concomitant increase in solubility from approx-
imately 281 mgL-1at pH = 3.22 (298 K) to as high as 17 900 mg L!
at pH of 7.5.46 Therefore, hydrophobic interactions between
anionic SMX and the adsorbent become less significant at pH
above 6. Similar findings have been highlighted by other
researchers.®> The maximum adsorption was realized at pH 4.
which depicts that electrostatic attraction cannot account for the
maximum adsorption of SMX onto CBZ. Lian et al.%5 postulated
that when the pK, and pH,,,. are very close, as in the present
study, then strong charge-assisted hydrogen bonds (-)\CAHB
are formed. Therefore, it is plausible that the adsorption mecha-
nism of SMX onto CBG could be driven by (-)CAHB under the
examined conditions.

3.6. Adsorption Thermodynamics

The adsorption energetics was investigated in the range
298-338 K. The thermodynamic functions, enthalpy change
(AH), Gibb’s free energy (AG), and entropy (AS) were deter-
mined using Equations 20 to 22 and the calculated parameters
are presented in Table 6:

AG =-RTInK, (20)
C
Ky = 2 21
a=7, (21)
K, =1000K, (22)
Ik, = 4% A1 23)
R RT

where K_is the equilibrium constant (dimensionless), C, is the
SMX concentration in the aqueous phase at equilibrium (mgL™)
and C,, is the SMX concentration in the adsorbent at equilib-
rium (mg g™'). Ris the gas constant (8.314 ] mol™ K™) and T is the
solution temperature (K).

The removal efficiency (% R), (Table 6), of SMX, diminished
with increased solution temperature indicative of an exothermic
reaction. This is corroborated by the negative and positive Hand
brobtained from Temkin isotherm, respectively. The decrease in
adsorption could be due to increased solubility of the adsorbate
and increase in hydrophilicity resulting in lower SMX attraction
for the CBG sites.” The negative G values denote the uptake of
SMX by CBG is thermodynamically spontaneous and corrobo-
rates the prediction from the Flory-Huggins isotherm model.
The AH value (24.70 k] mol-!), sufficiently below the 40 k] mol-!
linked with chemisorption mechanism,* attests that uptake of
SMX onto CBG entails a physisorption mechanism, and is also
supported by the adsorption energy parameter value (BIn(A))
calculated from the Temkin isotherm model and consistent with

Table 6 Thermodynamic functions for SMX uptake by CBG.

Adsorbate  Temp. % R AG ASH AS
/K /kJ] mol™ /K] mol"  /kJ] mol™
SMX 298 52.78 -15.67 —24.72 -32.65
308 32.67 -14.06
318 25.38 -13.58
328 28.11 -14.39
338 22.57 -14.00

conformity to PFO kinetic model and the hypothesized (-)\CAHB
adsorption mechanism. The negative AS implies increased
orderliness at the adsorbate-adsorbent interphase.

3.7. Effect of Adsorbent Dosage

The effect of adsorbent dosage was evaluated from the range
0.1-1 g 50 mL! solution at a constant SMX concentration of
1mgL-1. Asshownin Fig. 8, the amount of SMX adsorbed appre-
ciated by the rise in CBG dosage. This is expected and is due to
theincreased number of binding sites with the rise in the mass of
adsorbent.

0.46
0.455 T !
. i 1
~ 045 J—
|°.0 T l
£ 0.445 ¢
~
% 044 $
T
0.435 ¢
0.43
0 0.2 0.4 0.6 0.8 1 1.2
Adsorbent dose/g

Figure 8 Variation in the amount of SMX adsorbed with adsorbent
(CBG) dosage.

3.8. Batch Adsorption Design

An adsorption isotherm is a relevant mathematical tool for
predicting the blueprint of a batch or column adsorption regime.
This enables a priori determination of the mass of CBG, m (g),
necessary to remove sulfamethoxazole in the effluent of volume
V (L), from a known initial amount C; to an acceptable concentra-
tion C, (mg L).

Since the equilibrium data were best explained by the Sips
Isotherm, equating Equation 1 and 16 and rearranging, gave
Equation 24.

m= (C1 _Ce)v' (1+asCeS)

24
quaSC 25 ( )
Rearranging Equation 2 gives rise to Equations 25 and 26.

RC;

C-Co=—r 25

~Ce=T (25)
R

C =C.l1-— 26

o) "

Replacing Equations 25 and 26 into equation 24 we obtained
Equation 27:

:Rciv(ms[ci(l_lgo)]ﬁs]

BS
100q a4 C4 1—i
100

Equation 27 can be used to predict the mass m (g) of CBG
necessary to realize any desired percentage removal (R) of SMX
from water provided the effluent volume V (L) and SMX concen-
tration, C; (mg L) are known. The equation holds except for
100 % removal and provided the adsorption is well described by
the Sips model.

Figure 9is a plot predicting the mass of CBG required for 99 %
sequestration of SMX from effluents of different volumes. An
initial concentration of 0.2 mg L-! was used. The revelation that

(27)
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Figure 9 Prediction of the amount of CBG required for the removal of
SMX in effluents of varying volume.

that approximately 4 g of CBG is needed to oust 99 % SMXin a
10 L solution provides evidence that CBG is a low-cost and effi-
cient adsorbent.

3.9. Performance Relative to Other Adsorbents

The theoretical maximum capacity of CBG for the uptake of
SMX was examined against other reported adsorbents and
the comparative performance is presented in Table 7. It is
demonstrable that the performance of CBG is comparable to and
better than reported adsorbents and the precursor material and
preparation conditions for the adsorbent development make
CBG an efficient and techno-economic adsorbent for SMX
uptake in comparison to many adsorbents.

Table 7 Comparison of CBG adsorption capacity with reported SMX
removing adsorbents.

Adsorbent Adsorption capacity Reference
/mg g’
Humic acid 7.54 48
Activated carbon 185.19 49
Magnetic biochar 19.09 50
Commercial activated carbon 344 51
Carbon nanotubes 33.7 52
Multiwalled carbon nanotubes 73.8 10
Reduced graphene oxide 73.8 10
CBG 128.8 This study

4. Conclusion

In this work, agricultural waste, sugarcane bagasse, was used
as precursor biomass for the preparation of residue waste-
derived biochar using a techno-economic pyrolysis process. The
product (CBG) was tested for adsorption of sulfamethoxazole
(SMX) from aqueous solution. CBG exhibited a high removal
efficiency of 78 % within 300 min. The equilibrium data were
tested using six two-parameter and five three-parameter nonlin-
ear isotherm models and the best fitting model was determined
using error functions analysis. The three-parameter isotherm
models better fitted the experimental data than two-parameter
isotherms. The maximum adsorption capacity was between
105.6 and 128.8 mg g!. Adsorption kinetics followed the PFO
model while the thermodynamics data showed the adsorption
reaction is spontaneous, exothermic, and physical. Charge-
assisted hydrogen bonding (-)CAHB is hypothesized to be the
likely adsorption mechanism of SMX onto CBG. Carbonized
bagasse is a low-cost adsorbent suitable for the removal of
organic contaminants from water.
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