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The main culprit in the discharge of dyes into receiving
surface waters is the textile industry. Of the 7 x 105 tons of
dyes consumed every year in the dyeing process by the textile
industry, it is reported that approximately 10 – 15% are
directly released into water systems [5-10]. Examples of dyes
used in the textile industry include, but are not limited to, acid
dyes, basic dyes, direct dyes, mordant dyes, reactive dyes,
disperse dyes, sulphur dyes and vat dyes.

Abstract
A clay-biochar composite was prepared through slow
pyrolysis of a mixture of bentonite clay and sweet sorghum
bagasse. The adsorption of cationic dyes, namely, toluidine
blue (TB) and malachite green (MG), by the clay-biochar
composite was investigated to determine the adsorption
mechanism and its sorption potential. Bentonite clay, sweet
sorghum biochar and the bentonite-biochar composite were
characterized through X-ray fluorescence (XRF), scanning
electron microscopy (SEM) and Fourier transform infrared
(FT-IR) analyses. For the adsorption study, the effects of
exposure time, initial dye concentration and temperature were
investigated. The findings clearly illustrated the complex
physico-chemical properties of the clay-biochar composite
encompassing distinct features of bentonite clay and biochar,
therefore confirming successful preparation. The adsorption of
MG was found to occur on a heterogeneous surface as
predicted by the Freundlich isotherm model, while the
adsorption of TB occurred mostly at a monolayer surface
described by the Langmuir isotherm model. The adsorption
equilibrium data was best described by the pseudo-second
order kinetic model for all adsorbents. The estimated
adsorption capacity of the clay-biochar composite (12.1255
mg/g for MG and 9.9356 mg/g for TB) suggests improved
adsorption capacity of the biochar after incorporation of clay.
The thermodynamic study revealed that the adsorption of dyes
was mostly a spontaneous and exothermic process.

High concentrations of coloured dyes entering the surface
water system colourize the water and impede light
penetration, eventually inhibiting photosynthetic activity and
adversely affecting aquatic life [1, 11]. Depending on their
concentration in water, dyes can have an acute or chronic
effect on organisms; bath exposure to dyes is known to lead to
problems such as dermatitis, cancer, mutation, allergy and
skin irritation in humans [1, 12, 13]. According to Vadivelan
and Kumar [14], acute exposure to methylene blue dye may
significantly affect the health of human beings, causing
symptoms such as cyanosis, jaundice, shock, vomiting,
increased heart rate, tissue necrosis, quadriplegia and Heinzbody formation. The negative impact of dyes on the aesthetics
and sustainability of biota in receiving fresh water (as well as
possible risk to human health) has prompted governments
around the world to regulate the discharge of dyes in
industrial effluents, therefore compelling industries to remove
dyes from their effluents prior to discharge in the
environment.
Adsorption techniques could be a very attractive method of
removal due to its ease of application, low energy requirement
and worldwide availability of cheap adsorbents, among which
are clay and biochar. Bentonite clay is a fundamental soil
component that can be found in three major locations in South
Africa, namely, the Koppies district in the Free State,
Heidelberg district in the Western Cape and Wodehouse
district in Northern Natal. Therefore, the use of bentonite clay
is not only effective but also very economical. The clay has a
very large surface area, especially if it is hydrated in water.
The microscopic platelets of bentonite clay are negatively
charged on the flat surfaces, while the edges of the platelets
are positively charged [15]. Bentonite clay has a 2:1 layered
structure and consists of an alumina octahedral layer between
two silica tetrahedral layers [16].

The adsorbent investigated in this study showed good
potential for the removal of cationic dyes from aqueous
solution and could be considered for the remediation of water
polluted by industrial effluents.
Keywords: Clay-biochar composite, cationic dyes, water
pollution, adsorption, kinetic, isotherm, thermodynamic

1

Introduction

The shortage of fresh water around the world is exacerbated
by pollution deriving mostly from industrial activities. Some
of these pollutants discharged in the environment are very
recalcitrant and could persist in the environment for several
years and cause serious harm to the surrounding biota. Such
pollutants include synthetic dyes, which are extensively used
by the food processing, dyeing, textile, cosmetics, leather,
printing, electroplating, distillation and pharmaceutical
industries [1-4].

Biochar can be produced from several types of raw materials
such as rice husk [17], pine needles [18], loblolly pine chips
[19], anaerobic digestion residues, palm bark and eucalyptus
[20], soybean stover and peanut shells [21], or corn stover and
apple wood [22]. Although the production conditions can
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affect the physical, chemical and mechanical properties,
biochar generally has oxygen-containing groups such as
hydroxyl (OH), carboxylates (-COO- and -COH) and a net
negative charge [23-25], which makes it a suitable adsorbent
for the removal of pollutants from wastewaters.

°C. After adsorption, the mixture was centrifuged at 4000 rpm
for 5 mins to separate the loaded adsorbent from the
suspended dye, and then the supernatant was collected and
analysed using the UV mini-1240 UV-VIS spectrophotometer
to determine the concentration of the non-adsorbed dye.

The adsorption potential of clay and biochar can be enhanced
through the synthesis of a composite of the two materials. The
biochar has a good porous structure and required functional
groups [26, 27], while adding clay to biochar increases the
surface area and exchange capacity, thereby improving the
adsorption capacity. This study considers (for the first time to
the best of our knowledge) application of a clay-biochar
composite for removal of the cationic dyes toluidine blue and
malachite green from aqueous solution.

2.5 Adsorption models

2

2.5.1

Adsorption capacity

The potential of an adsorbent can be estimated by determining
its adsorption capacity, which is the amount of adsorbate
adsorbed per unit mass of the adsorbent [28]:

𝑞𝑖 =

(𝐶0 −𝐶𝑖 )𝑉
𝑚

; 𝑖 = 𝑒,

(1)

where 𝑞𝑖 is the amount of dye adsorbed per unit mass of
adsorbent (mg/g); 𝐶𝑜 is the initial dye concentration in the
solution (mg/L); 𝐶𝑖 is the dye concentration (mg/L); m is the
amount of adsorbent (g) and V is the solution volume (L). The
subscript “i” denotes the state of the system either at
equilibrium (e) or at a particular time (t).

METHODS

2.1 Materials
The two cationic dyes, namely, malachite green
(triarylmethane dye) and toluidine blue (basic thiazine
metachromatic dye), were purchased from Merck Millipore
and Sigma Aldrich (South Africa), respectively. The bentonite
clay was mined close to the small town Koppies in the Free
State Province of South Africa. Due to its availability, sweet
sorghum bagasse was chosen as the source of biomass for
biochar.

2.5.2

Isotherms

The Langmuir and Freundlich isotherms were used to model
the adsorption of dyes. The equations for these models have
been described elsewhere [29].
2.5.3

2.2 Preparation of adsorbents

Kinetic modelling

The biochar and the clay-biochar composite were prepared as
described in our previous report [26]. Briefly, the biochar was
produced from sweet sorghum bagasse through slow
pyrolysis, while the clay-biochar composite was produced by
adding sweet sorghum bagasse to a slurry of bentonite clay;
the mixture was dried before undergoing slow pyrolysis.

The adsorption kinetic model describes the rate of sorbate
binding at the surface of adsorbent, which is information
needed to design wastewater treatment plants. Two kinetic
models, namely, pseudo-second-order and pseudo-first-order,
were considered to assess the adsorption rate of the dyes onto
the respective adsorbents. These models are expressed by
equations described in previous studies [32, 33, 34]

2.3 Characterization of adsorbents

2.5.4

An X-ray fluorometer (XRF) MagiX PRO & SuperQ Version
4 was used to chemically analyse the prepared adsorbents,
while a Fourier transform infrared (FT-IR) spectrometer
(Shimadzu) was used to identify the binding groups at the
surface of the adsorbents that were likely to be involved in the
adsorption process.

The impact of temperature on the dye adsorption process was
assessed by determining thermodynamic parameters such as
the standard free energy (Δ𝐺°, 𝑘𝐽/𝑚𝑜𝑙), enthalpy change
(Δ𝐻°, 𝑘𝐽/𝑚𝑜𝑙) and entropy change (Δ𝑆°, 𝑘𝐽/𝑚𝑜𝑙).

Thermodynamic assessment

The Gibbs free energy (Δ𝐺°) is expressed by the following
equation:

The surface morphology of the adsorbents was determined
using a scanning electron microscope (SEM) TECSAN,
model VEGA 3 XMU (Czech Republic) equipped with a 10micron lens, integrated with an energy dispersive X-ray.

Δ𝐺° = −𝑅𝑇𝑙𝑛𝐾𝑐

(2)

where R is a gas constant [8.314 kJ/(mol K)], T is the solution
temperature (K) and 𝐾𝑐 is the equilibrium constant which can
be obtained from the relation [35]:

2.4 Adsorption experiments

𝐾𝑐 =

The adsorption potential of bentonite clay, sweet sorghum
biochar and the bentonite-biochar composite was investigated
in a batch system under fixed conditions, namely solution
volume (100 mL), adsorbent dosage (0.5 g) and shaking speed
(160 rpm). Parameters such as time, initial concentration and
temperature were varied to study the adsorption kinetics,
isotherms and thermodynamics, respectively. The time was
therefore varied from 10 to 120 mins, with an increment of
10; the initial dye concentrations were 10, 20, 30, 40, 60, 70,
80 and 100 mg/L, and the temperatures were 35, 45 and 55

𝐶𝑎

(3)

𝐶𝑒

where 𝐶𝑎 is the amount of dye adsorbed (mg/L) and 𝐶𝑒 is the
equilibrium concentration of solution (mg/L).
Following van’t Hoff’s equation [35]:
ln 𝐾𝑐 =

−Δ𝐺°
𝑅𝑇

=

−Δ𝐻°
𝑅𝑇

+

Δ𝑆°
𝑅

(4)

The values of Δ𝐻° 𝑎𝑛𝑑 Δ𝑆° can be obtained from the
slope and intercept of a plot of 𝑙𝑛 𝐾𝑐 𝑣𝑠. 1/𝑇.
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3

3.1.2

RESULTS AND DISCUSSION

3.1 Adsorbents properties
3.1.1

The morphology of the bentonite clay, biochar and composite
was determined using a scanning electron microscope (SEM)
at an electron acceleration voltage of 20 kV. Figure 1(a)
shows that the bentonite has a porous structure indicating a
large surface area. Figure 1(b) shows the biochar exhibits a
more crystalline, fibrous structure probably originating from
lignocellulosic materials dominant in the initial biomass. In
Figure 1(c), the fibrous materials from the biochar are mostly
covered with rod-like structures probably deriving from the
bentonite, implying that the formation of the biocharbentonite composite was successful. A similar change of
shape was identified in a previous study [36].

XRF analysis

The XRF analysis results of the bentonite clay are
summarized in Table 1 and indicate the most prominent
compounds on a mass-percentage basis. The dominance of
alumina and silicate clearly confirm the nature of bentonite
clay as an aluminosilicate. Calcium and potassium are the
main exchangeable ions during the adsorption process.
Table 1: Major chemical components of bentonite clay
Component

Weight %

Al2O3

18.6775

SiO2

62.8874

K2O

2.5794

CaO

1.8175

Fe2O3

10.8592

SEM analysis

(a)

(b)

(c)

Figure 1: SEM images of bentonite (a), biochar (b) and bentonite-biochar-composite
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3.1.3

FT-IR analysis

group C=O stretching vibration is stronger on the spectrum of
the biochar than that of the bentonite. However, the band at
1000 cm-1 corresponding to the C-O stretching vibration is
only observed on the spectrum of the bentonite. All the above
bands are present on the spectrum of the composite, further
confirming a successful incorporation during the preparation.
The binding of toluidine blue and malachite green on the
adsorbents resulted in the occurrence or disappearance of
binding groups, as shown in Figures 2(b), (c) and (d).

The FT-IR spectra in Figure 2(a) show that the bentonite and
biochar have different binding groups. The bands at 3000,
2850 and 2300 cm-1 (which can be ascribed to C=C-H
asymmetric stretching vibration, C-H stretching off C=O and
CN stretching vibration, respectively) were observed on the
biochar spectrum but not on the bentonite spectrum, while the
peak of the band at 1600 cm-1 corresponding to the binding
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Figure 2: FT-IR spectra of the three adsorbents (a), loaded bentonite (b), loaded composite (c) and loaded biochar (d).
3.2 Adsorption kinetic modelling

first-order and pseudo-second-order models. The values of R2
for both kinetic models are relatively close, but higher values
of R2 suggest the applicability of the pseudo-second-order
model for adsorption of both MG and TB onto the various
adsorbents. Table 2 and Table 3 show that the adsorption
capacity (𝑞𝑒(exp) ) of the composite is higher than that of the
biochar, which implies that the composite has a higher affinity
for MG and TB dyes [37, 38]. This indicates that the
incorporation of clay resulted in physico-chemical changes
that improved the attraction potential of biochar for cationic
dyes.

The pseudo-first-order and pseudo-second-order kinetic
models were used to assess the adsorption behaviour at
different initial dye concentrations. The experimental
adsorption data fit better with the pseudo-second-order model,
which was therefore considered for the prediction of the
adsorption behaviour of the adsorbents. The values of 𝑘𝑖 ; 𝑖 =
1, 2 and 𝑞𝑒𝑐𝑎𝑙 were calculated from the intercept (1/𝑘𝑖 𝑞𝑒2 ) and
slope (1/𝑞𝑒 ) 𝑜f the plot 𝑡/𝑞𝑡 𝑣𝑠. 𝑡 in Figure3 and Figure 4,
respectively, and presented in Table 2 Table 3. The 𝑞𝑒exp was
found to be in good agreement with the 𝑞𝑒𝑐𝑎𝑙 for both pseudo-
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Table 2: Kinetic model parameters for MG adsorption
Adsorbent

Kinetic Model and Parameters
Pseudo 1st order

Pseudo 2nd order

qe1

9.5953

qe2

10.0616

k1

0.1634

k2

0.0369

R2

0.9705

R2

0.9953

qe1

16.5552

qe2

16.5841

k1

0.5562

k2

0.9007

R

0.9997

2

R

0.9999

qe1

11.8973

qe2

12.1788

k1

0.2434

k2

0.0710

R2

0.9864

R2

0.9975

Biochar
qe(exp) (mg/g)

9.8400

Bentonite Clay
qe(exp) (mg/g)

16.6087

2

Composite
qe(exp) (mg/g)

12.1255
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Figure 3: Pseudo-second order kinetic plot for the adsorption of MG
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Table 3: Kinetic model parameters for TB adsorption
Adsorbent

Kinetic Model and Parameters
Pseudo 1st order

Pseudo 2nd order

qe1

9.3845

qe2

9.9461

k1

0.1444

k2

0.0297

R

0.9595

2

R

0.9930

qe1

24.8840

qe2

24.9272

k1

0.5407

k2

0.5559

R2

0.9998

R2

0.9999

qe1

9.3719

qe2

9.9460

k1

0.1612

k2

0.0316

R2

0.8614

R2

0.9659

Biochar
qe(exp) (mg/g)

9.6480

2

Bentonite Clay
qe(exp) (mg/g)

24.9489

Composite
qe(exp) (mg/g)

9.9356
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Figure 4 Pseudo-second order kinetic plot for the adsorption of TB
3.3 Adsorption isotherm modelling

solution, implying that the available binding sites were
quickly saturated when more dye was present in solution [39].
The adsorption data fit the Freundlich model better than the
Langmuir model; therefore, the discussion mainly focuses on
the Freundlich model. The isotherm parameters and the
coefficients of determination (R2) for the adsorption of MG
and TB are presented in Table 4 and Table 5, respectively.

The adsorption behaviour of the adsorbents during the
removal of toluidine blue and malachite green from solution
was assessed using two common adsorption isotherm models,
namely, Langmuir and Freundlich. The adsorption capacity
increased with the increasing concentration of dye in aqueous
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Table 4: Isotherm model parameters for MG adsorption

Table 5 shows that the Langmuir isotherm model best fits
adsorption data of two adsorbents, namely, bentonite and
composite. The R2 values obtained from the adsorption of TB
by the bentonite and the composite are closer to unity,
implying that the Langmuir isotherm is only suitable for the
prediction of the adsorption of TB onto the bentonite and the
composite, with maximum adsorption capacities of 18.418
and 9.419 mg/g respectively. This implies that the malachite
green is mainly adsorbed at the top surface of the composite.
The RL value [𝑅𝐿 = 1⁄(1 + 𝑏𝐶0 )], also known as the
separation factor, is a dimensionless constant representing the
essential features of the Langmuir isotherm that predicts the
favourability of the adsorption process: the adsorption will be
unfavourable if RL > 1, favourable if 0 < RL <1, linear if RL = 1
and irreversible if RL = 0 [2, 40]. In these experiments, the RL
value indicates favourable adsorption only when the
composite is used as adsorbent (RL = 0.038).

Malachite Green Isotherm Study
Adsorbent

Bt

Bc

Composite

Best model

Model Parameters

Freundlich

Freundlich

Freundlich

kf

121.3520

n

1.2415

R2

0.7840

kf

1.9290

n

0.5025

R2

0.9105

kf

10.3050

n

1.2805

R2

0.9515

Adsorption
Potential (qe)
(mg/g)

2834.840

4638.388

218.701

3.4 Thermodynamics predictions
The effect of temperature on MG and TB adsorption was
investigated at three different temperatures (35, 45 and 55
°C). The results indicated an influence of temperature on the
adsorption of MG onto the adsorbents; however, a consistent
trend was observed only when the dyes were adsorbed onto
the biochar. The maximum adsorption of MG was achieved at
35° C by biochar, with the adsorption decreasing with
increased temperature. These results show the exothermic
nature of the adsorption. The weakening of adsorptive forces
between active sites of the adsorbents and adsorbate species
and between the adjacent molecules of the adsorbed phase
may explain the decrease of adsorption capacity with the rise
in temperature [35]. The thermodynamic parameters were
estimated to evaluate the viability and nature of the adsorption
process. The values of Δ𝐻° 𝑎𝑛𝑑 Δ𝑆° were obtained from
the slope and intercept of the 𝑙𝑛𝐾𝑐 𝑣𝑠. 1/𝑇 plot; these values
are shown in Table 6. These values were found to be negative;
a negative enthalpy implies that the process is exothermic,
while a negative entropy implies that the dyes were orderly
adsorbed onto the biochar-dye interface. The values of ∆𝐺
were negative for the adsorption of toluidine blue onto the
biochar, implying that the adsorption process was spontaneous
[41], while the adsorption of malachite green onto the biochar
at 55 °C was not spontaneous. In general, the values of ∆𝐺
increased with increasing temperature, confirming that the
adsorption was not favourable at higher temperature.

Table 4 clearly shows that the Freundlich isotherm model best
describes the adsorption of MG by all adsorbents. The R2
values obtained for the adsorption of MG by the biochar and
the composite were closer to unity, implying that the
Freundlich model was suitable only for the prediction of the
adsorption of MG on the biochar and the composite. The
affinity of the adsorbent for a given dye is indicated by the
value of n. Table 4 shows that n > 1 when assessing the
adsorption of dyes by the composite, indicating that the
adsorbent is effective over the entire range of dye
concentrations, and n < 1 when assessing the adsorption of
dyes by the biochar, indicating that the adsorbent is effective
only for higher concentrations of dyes studied [2].

Table 5: Isotherm model parameters for TB adsorption
Toluidine Blue Isotherm Study
Adsorbent

Best model

Bt

Langmuir

Model Parameters

Q

17.9750

K

-0.8310

2

0.9800

kf

0.5317

n

1.4020

R2

0.7870

Q

9.4885

K

2.6975

2

0.9955

R
Bc

Composite

Freundlich

Langmuir

R

Adsorption
Potential (qe)
(mg/g)
18.418

8.659

Table 6: Thermodynamic parameters of the adsorption of TB
and MG onto the biochar
9.419

ΔG° (KJ/mol)

ΔH (KJ/mol)

ΔS (KJ/mol/K)

Toluidine -4945.52 -3363.32 -1780.52

-53720.1

-158.28

Malachite -7119.25 -2309.27 2500.71

-155338.78

-481

Dye
308 K

1330

318 K

328 K
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for removal of dyes from waste water using
photocatalytic process. Journal of Environmental
Sciences. In Press.

4 CONCLUSION
The results obtained from the characterization of the
adsorbents showed that the synthesis of the composite was
performed successfully. The composite and the biochar
showed good potential for the removal of cationic dyes from
the aqueous phase, with the adsorption onto the composite
being more favourable, as predicted. The adsorption data for
the removal of malachite green from solution fit the
Freundlich model, implying that adsorption occurs on the
heterogeneous surface, while the adsorption of toluidine blue
onto the bentonite clay and the composite could be predicted
using the Langmuir model, which suggests binding at a
monolayer surface. The adsorption kinetics can be well
described by the pseudo-second-order model, implying that
the chemisorption mechanism is predominant. The
thermodynamic study showed that the adsorption of dyes onto
the biochar occurs mostly through a spontaneous and
exothermic process. It was found that filling biochar with
bentonite clay improved its adsorption capacity. However, a
significant improvement could be achieved by increasing the
clay/biomass ratio during the preparation of the composite.
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