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ABSTRACT

Baggasse derived biochar magnetically modified with iron (a-Fe,Os-CBG) was fabricated,
characterized and applied as a low-cost adsorbent for the removal of carbamazepine (CBZ), a
pharmaceutically active compound which has been reported as an emergent water contaminant.
Characterization of the synthesized (a-Fe,Os-CBG) composite showed that iron was effectively
impregnated onto the carbonized bagasse network. The composite was able to achieve 60.9 % CBZ
removal within a period of 4 hours. The time-dependency adsorption data followed the pseudo-
second order kinetic law while the intrapatrticle diffusion model indicated that pore diffusion is not the
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sole operative rate-determining mechanism with significant boundary layer effects. Freundlich model
best explained the equilibrium sorption data. The adsorption extent was also strongly pH-dependent
though adsorption mechanism is significantly driven by electrostatic interactions at lower pH.

Furthermore,
accomplished.

magnetic separation of the contaminant-laden adsorbent

was successfully

Keywords: Carbamazepine; adsorption; water; magnetic; iron-oxide.

1. INTRODUCTION

Pharmaceuticals compounds (PCs) are a group
of emerging contaminants and their use is
continuously increasing globally. They are
extensively used in human and veterinary
medicine in disease control and treatment.
Pharmaceuticals and their metabolites are
readily excreted with urine and faeces and enter
into urban wastewater treatment plants
(WWTPs) [1]. These compounds also find their
way into the aquatic environment through
discharge of treated wastewater, seepage from
landfills, septic systems, sewer lines and
disposal of expired drugs into water systems
among other pathways [2]. Consequently, a wide
range of PCs have been detected in a variety of
environmental samples such as wastewater and
drinking water [3]. Reports indicate the
accumulation of some pharmaceuticals in
sewage sludge [4], while other studies show the
presence of pharmaceutically active ingredients
in public drinking water wells where septic
systems are prevalent [5]. The presence of PCs
in aquatic environment is of great concern since
they have explicitly been shown to be toxic to
aquatic organisms and may induce development
of drug resistant bacteria [6].

Current studies show that effluents  from
wastewater treatment plants contain xenobiotic
organic compounds which can have a lot of
ecotoxicological effects thus impacting negatively
on environmental systems [7]. Carbamazepine,
benzo[b][1]benzazepine-11-carboxamide, a
human pharmaceutical for treating epileptic
seizures, trigeminal neuralgia, bipolar
depression, excited psychosis, and mania [8] is
not degraded in WWTP processes due to its
resistance to microbial biodegradation and thus
most removal efficiencies are below 10% [9].
Sorption of carbamazepine onto sewage sludge
is not an effective removal pathway because of
the low affinity for organic matter (Ky = 1.2 L/kg).
Consequently, carbamazepine is commonly
found in WWTP effluents. Studies have reported
carbamazepine in effluent at concentrations up to
1.6 pg/L [10,11]. Studies by [12] show the toxicity

of carbamazepine to aquatic  insects.
Carbamazepine degradation products such as
aza-arenes may be toxic and potentially
carcinogenic [13]. There is need for continuous
evaluation of alternative strategies for removal of
PCs from water. Agricultural wastes biomass
present suitable precursors for adsorbent
preparation due to their abundance hence low
capital investment besides their demonstrated
efficacy to remove selected PCs from water [14].

The objective of this study was to investigate the
adsorptive features of iron-modified carbonized
baggasse (a-Fe,0s-CBG) for removal of
carbamazepine (CBz) from water. Iron
modification was intended to induce magnetic
properties to the adsorbent improving adsorbent
removal by external magnetic field. The effect of
contact time, initial adsorbate concentration,
adsorbent and solution pH under batch
conditions are herein discussed. The study also
investigated the possible adsorption mechanisms
governing the adsorption process.

2. MATERIALS AND METHODS

2.1 Chemicals and Materials

High purity carbamazepine standard was
purchased from Sigma Aldrich, Germany.
Analytical grade and HPLC grade water and
acetonitrile for analysis were purchased from
Sigma Aldrich through Kobian Kenya Limited.
Syringe filters were obtained from Estec Kenya
Limited. All stock solutions were prepared using
HPLC grade acetonitrile and working standards
diluted with HPLC water. Sugarcane baggasse
was obtained from local millers.

2.2 Adsorbent Preparation

The biomass for generation of biochar was
baggasse from Nzoia Sugar Company, Kenya.
The carbonized baggasse (CBG) was prepared
as described in our previous work [14]. In brief,
the biomass was chopped into pieces then
thoroughly washed with de-ionized (DI) water to
remove all adhering dirt and air dried before
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pyrolysis. Carbonization was achieved by slow-
pyrolysis at 350°C and at a heating rate of 10°C
minute’ and a residence time of 1 h in the
reactor. The biochar was then washed with DI
water until the effluent from it was neutral to
litmus and oven-dried at 100°C for 2 h. Iron
modified carbonized baggasse (a-Fe,O;-CBG)
was then fabricated by direct hydrolysis of an
iron salt following the protocol described by [15]
with  slight modification. Iron salt solution
prepared by dissolving 10 g of FeCl;.4H,0 in 50
mL of DI water were mixed with 10g of CBG for 8
h under continuous agitation and finally oven
dried at 100-120°C for 12 h. The resultant
product, iron modified carbonized baggasse (a-
Fe,03-CBG), was sieved to obtain uniform
particle size (< 220 um) then stored in air-tight
containers for adsorption experiments.

2.3 Kinetics Studies Experiments

The kinetics experiments were performed by
batch technique. 0.1 g of the adsorbent (a-
Fe,03-CBG) was dispersed into 250 mL conical
glass flasks containing 1 mg L™ CBZ in 50 mL
solution at 298 K and agitated at 120 rpm using
an overhead temperature-controlled shaker
(GFL-3006). At pre-determined regular time
intervals (0, 0.5, 1, 2, 3, 4, 5, 6 hrs) 0.5 mL
aliquots was withdrawn and filtered through 0.22
pm syringe filters into sealed glass vials for
residual CBZ analysis.

Carbamezapine was detected by HPLC with UV
detection (Shimadzu LC 20AT) at 252 nm. The
mobile phase was a mixture of acetonitrile and
water (70:30 v/v), with a flow rate of 1 mL min™.
The injection volume was 20 L.

The amount of CBZ adsorbed per unit mass at

pre-equilibrium time (t) was obtained by
equation 1:
(c,-col
qt:; (1)

Where, C; and C, are the initial and equilibrium
concentration (mg L'l), m is the mass of
adsorbent (g) and V the volume of the solution
(L). To obtain the kinetic parameters, the kinetic
data was fitted to three widely used Kkinetic
models, viz. pseudo-first order [16], pseudo-
second-order [17], and intra-particle diffusion
models [18] represented in the equations 2,3 and
4 below:

Pseudo-first-order model:
Kt

)

log (qe - qt): logg o - > 308

Pseudo-second-order model:

Lot @)

2
A k,@e)" e

Intraparticle diffusion model:

qt:kpt' +C 4)

2.4 Adsorption Isotherm Experiments

Adsorption isotherms for CBZ onto a-Fe,05;-CBG
were determined using 0.1g iron-impregnated
biochar with 50 mL CBZ solutions of varied
concentrations (0.25, 0.5, 0.75, 1.00 and 1.25
mgL') in a batch mode. The vessels were
agitated under similar experimental conditions as
in the kinetics experiments described in section
2.3 until equilibration as determined from the
kinetic experiments (4 h). The amount of solute
adsorbed per unit mass of adsorbent at
equilibrium (ge) was calculated using equation 5:

0 u 5)

m

The equilibrium sorption data was modeled using
linearized Langmuir and Freundlich isotherm
equations shown in Table 1 and the isotherm
parameters calculated.

Table 1. The linearized isotherm equations and parameters

Isotherm Model Equation Parameters Reference
Langmuir 11 1 Qo (Mmg/g), (19]

— = K. (L/g)

de Qo QoK Cp
Freundlich Ks N [20]

n

1
log gqg = log Kf + —log Cg¢
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2.5 Effect of pH

The effect of pH on the extent of CBZ removal
was investigated over a pH range of 2-10. Here,
50 mL (1 mg L™) of CBZ solution and 0.1 g a-
Fe,0;-CBG was placed in glass conical
flask and 1 M HCI and 1 M NaOH solutions
were used for initial pH adjustment. The
solutions were then agitated at120 rpm at 298 K

until equilibration. The pH was measured
using a pH meter (MrC 86505, scientific
instrument).

3. RESULTS AND DISCUSSION
3.1 Adsorbent Characterization

The elemental composition of the unmodified
carbonized baggasse and iron-modified
biochar (a-Fe,03-CBG) obtained from
XRF (Table 2) indicate successful impregnation
of iron into the biochar. XRD data
(supplementary material) showed haematite (a-
Fe,03) as the only crystallized iron phase in the
modified biochar, with diffraction peaks at 20 =
24.1°, 33.1°, 35.60° 39.1°, 40.9°, 43.4°, 40.9°,
49.4°, 54.0°. Other forms of magnetic minerals
possibly formed during sythesis, viz, magnetite
(FesO;) and maghemite (y-Fe,Os3), were
converted to haematite under thermal treatment
[21] with concomitant leaching of other elements

in solution. The other prominent crystalline phase
in a-Fe,03-CBG was quartz (SiO,).

Table 2. Elemental composition of unmodified
and modified carbonized baggasse

Major Adsorbent materials (wt %)
elements Unmodified a-Fe,05-CBG
biochar

Ca 37.52 0.71

K 27.52 0.87

Fe 18.52 78.80

Mn 5.49 0.21

Zn 0.82 0.20

The functional groups present in the prepared
adsorbent according to transmittance near IR
(400-4000 cm'l) analysis are displayed in Fig. 1.
The bands at 3300-3600 cm™ were assigned to
both free and hydrogen bonded —OH stretching
vibrations due to phenolic functions. The peaks
in the 1700-1600 cm™ region were ascribed to
C=0 stretching vibrations resulting from ketones,
carboxylic acids, anhydrides and esters (Mohan
et al. 2014). The peaks in the region 1500-1400
cm™ were attributed to the presence of inorganic
functional groups such as alumina-silicates and
metal oxides [22]. The bands centered in the
region 700- 500 cm? are characteristic
absorption bands of Fe-O bonds suggesting
successful incorporation of iron oxides as
testified by XRD analyses [23].
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Fig. 1. FT-IR spectrum for the iron modified baggase biochar (a-Fe,O5;-CBG)
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3.2 Effect of Contact Time

The removal of carbamazepine (CBZ) by the a-
Fe,0;-CBG as a function of time depicted
relatively fast adsorption kinetics leading to
saturation within 240 min (Fig. 2) followed by a
slow phase with no appreciable change, implying
pseudo-equilibrium conditions. This is due to
availability of large number of vacant adsorption
sites at the onset. Accessibility to these sites
becomes sequentially limited following
occupancy by the CBZ molecules thus the
system achieves equilibrium.

In order to predict the adsorption rate and nature
of the rate-controlling step(s), the kinetic data
were simulated using pseudo-first order and
pseudo-second order Kkinetic models. The
applicability of the model was evaluated by the
linear regression coefficient (Rz) values and the
closeness between experimental equilibrium
adsorption capacity (gex,) and the theoretical
values (gqy) Obtained from the kinetic models.
The pseudo-first order posted poor fitting to the
experimental data indicating the adsorption of
carbamazepine onto a-Fe,03-CBG is not a first-
order reaction. On the other hand, the pseudo-
second-order kinetic model best simulated the
adsorption of CBZ onto a-Fe,03-CBG (Fig. 3)
with high R? (0.998) value corroborated with the

convergence of the calculated (ge.) and
experimental  (gexp) adsorption  capacities,
implying the rate controlling step is a

chemisorption process involving exchange of
valence electrons (Table 3).

The nature of the rate controlling step and the
transport mechanism of adsorbate molecules
through the bulk solution to the adsorbent
binding sites were evaluated by fitting the data to
the intra-particle diffusion model (equation 4).
Theoretically, if the regression plot of g, versus
t°° is linear, then intraparticle diffusion occurs. If
the plot has a zero y-intercept then intraparticle

pore transport is the sole operating rate
controling mechanism. Otherwise (c >0),
multiple steps are involved in the rate-

determining step. In the present work, the pre-
equilibrium adsorption 5%‘) had a relatively high
linear dependency on t™ (R2:0.941) depicting a
strong influence of intraparticle diffusion process.
Nevertheless, the plot did not pass through the
origin (Fig. 4) implying that pore transport is not
the only rate controlling mechanism; hence other
adsorption sequences are involved. Relative to
the pre-equilibrium adsorption, the linear plot had
significant intercept (Table 3) suggesting
significant boundary layer effects attributable to a
wide distribution of pore sizes [14].
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0.050
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4, mg/g
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Fig. 2. Effect of contact time for CBZ adsorption onto a-Fe,03;-CBG composite

Table 3. Pseudo-second order and intraparticle diffusion model parameters for CBZ adsorption
onto a-Fe,03;-CBG

Pseudo-second order parameters

Intraparticle diffusion model parameters

Jeexpy  0-3015 mg/g

Oecay 0.3132 mg/g

ko 0.2563 g mg™* min™*
R? 0.998

Jeexpy  0-3015 mg/g
Kp 0.004

C 0.228 mg/g
R? 0.941
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Fig. 3. Pseudo-second order kinetic plot for CBZ adsorption onto a-Fe,0O5;-CBG
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Fig. 4. Intraparticle diffusion model plot for CBZ adsorption onto a-Fe,03-CBG

3.3 Effect of Initial Concentration

The removal extent of CBZ by a-Fe,03;-CBG in
percentage was found to increase from ca.
42.9% to ca. 60.9% when the initial concentration
was raised from 0.5 to 1.0 mg/L for adsorbent
dosage of 0.1 g/50 mL beyond which a decrease
is noted. The initial increase indicates that mass
gradient serves as the driving force for the
adsorption process. As observed in the evolution
of distribution coefficient (Ky) as a function of
initial concentration (Fig. 5), the increase in Ky
with increase in adsorbate concentration imply
availability of more energetically favored sites for
adsorption [24]. The gradual decrease beyond 1
mg/L is due to saturation of the active binding
sites with concomitant repulsion between the
adsorbates at high concentration.

3.4 Isotherm Modeling

To investigate the distribution of the adsorbates
over the liquid-solid phases, the equilibrium data
as a function of initial concentration were fitted to

two well-known adsorption isotherms, namely
Langmuir and Freundlich isotherms and the
computed parameters are shown in Table 4.
Both isotherm models posted relatively low linear
correlation coefficients (R®), implying each
individual model could not completely describe
the adsorption mechanism suggesting multi-
mechanistic adsorption sequences. However, the
data tended to conform to the Freundlich model.
Furthermore, besides the low R® values, the
negative Langmuir isotherm constants (Q, and
K.) values are unacceptable for they bear no
physical meaning. This indicates that the
inherent postulates of this model cannot
satisfactorily explain the adsorption mechanism
of carbamazepine onto a-Fe,O;-CBG [25].
Therefore, rationally, despite the relatively low R?
value, the adsorption of CBZ onto a-Fe,05-CBG
could be explained in terms of Freundlich
isotherm model. The magnitude of Freundlich
constant n was less than unity indicating poor
adsorptive character while 1/n is above unity
corroborating the aforementioned cooperative
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adsorption constituting several mechanisms [26,
27].

3.5 Effect of pH
Mechanism

and Adsorption

The pH dependence was studied in the range 2.0
t012.0. The adsorption of CBZ was strongly pH
dependent with maximum adsorption at pH 6 for
CBZ (Fig. 6).

The variation of adsorption capacities with pH

observed. However, throughout the pH range,
CBZ were neutrally charged species (CBZ°) and
the effect of electrostatic interactions was
negligible and can be neglected and hence other
adsorption mechanisms besides electrostatic
interactions such as hydrophobic interactions
play key role. These results indicate that the pH-
dependent speciation of the compounds largely
controls their adsorption mechanism and the
retention mechanism involves, in part, non-
electrostatic driven interactions.

Table 4. Calculated adsorption isotherm

gives insight on the possible interaction parameters
mechanisms involved. CBZ has two pK, values
because it dissociates at two different functional Isotherm model Parameters
groups depending on the pH. These are pK, at Freundlich R”=0.808
2.30 (ketone group) and 13.90 (amine group) for n=0.5373
CBZ [28]. Therefore, below pH 2.3, CBZ was a k=1.4256 L/mg
positively charged species (CBZ) and Langmuir R*=0.758
electrostatic repulsion becomes significant and Q0=-0.1806 mg/g
accounts for the decreased adsorption capacity K. =-1.4525 L/mg
0.9
0.8
=
S 07
=
25 06
=)
5 E 05
8
0.4
0.3
0.4 0.6 0.8 1 1.2 14
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Fig. 5. Evolution of CBZ distribution coefficient (Ky) as function of initial concentration
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Fig. 6. pH dependence plot for CBZ adsorption onto a-Fe,0;-CBG
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4. CONCLUSION

A novel engineered a-Fe,03-CBG adsorbent was
developed by magnetic modification of
carbonized bagasse. The composite achieved an
absorption capacity of 60.9% CBZ. The optimum
adsorption was achieved at pH -6 and a
temperature of 25°C. This study demonstrated
that iron modified carbonized baggasse (a-
Fe,O;-CBG) composite presents a potential
precursor for development of magnetically
responsive carbonaceous adsorbent for removal
of carbamazepine from aqueous media. The
Equilibrium data was describable by the
Freundlich isotherm model. The adsorption
kinetic data followed the pseudo-second-order
model while intraparticle diffusion model showed
that pore transport was not the only rate-
determining mechanism. The pH dependence
studies indicated that electrostatic interactions
dominantly drive the adsorption mechanism and
adsorption extent.
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