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ABSTRACT

A bentonite/biochar/hematite composite was synthesized to develop an adsorbent with the properties
of each constituent suitable for the removal of Cr(VI) and Zn(II) from aqueous solution. The compos-
ite was prepared through slow pyrolysis and characterized using scanning electron microscope (SEM)
and X-ray fluorometry (XRF). The developed adsorbent was used in a batch system for the removal of
individual metal ion of Cr(VI) and Zn(II). The XRF results showed that the composite contained the
elements found in the respective constituents, while the SEM results showed that the morphology of
the composite resulted from the combination of the constituents, indicating a successful synthesis of the
composite. The adsorption study showed the affinity of bentonite and biochar for the Zn(II) which was
mainly due to the negative groups present in those adsorbents, while hematite with a net positive charge
was mainly suitable for the removal of Cr(VI) present as dichromate in the working pH range (between
6 and 8). The adsorption behaviour of the adsorbent fitted the Freundlich isotherm model implying that
the adsorption mostly occurred through a heterogeneous binding of metal to the surface of the adsor-
bent. The composite did not exhibit the highest adsorption capacity but was the only adsorbent capable
to remove both Cr(VI) and Zn(II), with an adsorption capacity of 5414 mg/g and 5.167 mg/g respectively.
The composite could therefore be used for the treatment of wastewater contaminated by both metals.

Keywords: bentonite/biochar/hematite composite; Adsorption; Metal ion; Kinetic; Isotherm;
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1. Introduction

The main metal pollutants that are released from some
industries into the water systems include Pb(II), Cu(Il), Cd(II),
Ni(II), Cr(VI) and Zn(Il) [1]. With specific levels of pH and
temperature, these metals are soluble in water, contaminat-
ing the water sources [2]. These metals pose a great threat to
the environment and the organisms depending on the water
source.

Hexavalent chromium compounds are 10-1000 times
more toxic than trivalent chromium. Chromate and dichro-
mate anions form at pH level between six and eight; they
are soluble in water and could be easily distributed along
the river network [3]. The hexavalent chromium (Cr(VI))
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has been reported as one of the commonly hazards which is
carcinogenic and mutagenic to human [4-8]. A strict guide-
line limiting the level of Cr(VI) in groundwater to 50 pg L™
has been established by the World Health Organization [9],
as the exposure to contaminated water may lead to DNA
damage [10], mutations [11], chromosomal aberrations [12]
and carcinomas of the respiratory organs [13].

Zinc is not a carcinogenic compound and has poor
mobility, thus infection only occurs close to the source of
contamination. This compound is known to cause irritation
and corrosion of the gastrointestinal tract and acute renal
tubular necrosis. The high toxicity and non-degradable
nature of these metals contribute to the impact they have
on the environment and should be removed completely or
the concentration should be reduced to sufficient levels [14].

Several techniques have been applied for the removal of
metal contaminants from polluted water, however, adsorp-
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tion has emerged as one of the most attractive techniques due
to its low cost, simplicity and Eco friendliness. The adsorbent
composition is arguably the most important factor determin-
ing the efficiency of an adsorption process. The effectiveness
of the other factors is influenced by the physico-chemical
composition of the adsorbent [15]. Bentonite is a natural
clay that can be found in many countries around the world
and is particularly of interest in adsorption studies for its
abundance, economic viability and heavy metal adsorption
properties [16]. Bentonite clay can be formed in situ by the
alteration of volcanic ash. It consists of two silicate tetrahe-
dral sheets between an aluminium octahedral sheet. The clay
has a permanent negative charge which is often balanced by
cations, such as sodium and calcium, occurring in the lattice
structure [17]. Bentonite clay has been found to effectively
adsorb many different pollutants including heavy metals
and even greenhouse gasses [18]. The permanent negative
charge of the clay is what gives it its great adsorption capac-
ity and potential, but is also the largest potential drawback if
negatively charged ions have to be adsorbed [19].

Hematite is commonly classified as a nanoscale metal
oxide (NMO) material, which is a group of metallic com-
pounds known for their high surface area and adsorption
capacity [20]. NMOs rarely exist in pure form and contain
many impurities, such as aluminium, silicon and manga-
nese, which will affect the outcome of experiments. For
this reason, hematite is normally precipitated from an iron
solution with a base to ensure purity and subsequently,
accuracy in all experiments. NMOs are rarely used in their
pure form and are usually supported by another adsorbent
to limit the agglomeration of the molecules in an aqueous
solution [15,21]. Hematite is well known for the strong
adsorption affinity toward Cr(VI) [22]. When supported
by other adsorbents, the high adsorption capacity intrinsic
to hematite can be realised. NMOs tend to agglomerate in
aqueous solutions due to the strong Van der Waal’s forces
between the large surface area of the NMO and the water
molecules. This in turn limits the adsorption potential and
therefore limits its uses in aqueous solution [22].

Biochar is a carbon-rich material that is produced by pyrol-
ysis of biomass [20]. The versatility and availability of biochars
or derived composites are unmatched by other adsorbents [23].
Biochars that are used for adsorption are normally pyrolysed
under temperatures lower than 550°C to prevent the destruc-
tion of the phenolic bonds that aid in the adsorption process
[24]. Due to the functional groups and low cost of formation,
biochars have shown high cost effectiveness for the adsorption
of heavy metals [23]. The nature of biochar formation however
makes it difficult to produce the same adsorbent in repeating
experiments [23], but this disadvantage is far outweighed by
the cost effectiveness of this adsorbent.

Composites of organic clays and biochar have been
prepared in previous studies in an attempt to increase the
amount of pollutants that can be adsorbed compared to the
pure adsorbents [22,25]. NMO and bentonite composites
have shown reasonably good results in previous studies.
The two components complement each other in that they
address the short-comings of each other to produce an over-
all improved adsorbent [21]. Biochar and NMO composites
have been actively studied, especially the magnetic variants.
The adsorption effectiveness is increased to a large extent,
despite some draw backs that can be associated with these

composites [26,27]. As shown by Wang et al. [26], the adsorp-
tion effectiveness of a biochar/hematite composite for lead
increased by a factor of 20 compared to the pure substances.
The electrostatic interactions caused by the hematite are
amplified by the number of active sites that are available
when the NMO is supported [26]. A composite containing
clay, biochar (made from rosin) and NMO was prepared by
Ruan et al. [22] and has shown phenomenal results for the
adsorption of Cr(VI). This composite has shown to have an
adsorption efficiency nearly ten times larger for Cr(VI) than
any of the constituent compounds or their composites [22].
A previous study [28] has shown that the nature of the bio-
mass significantly affects the physicochemical composition
of the biochar derived from it. It is therefore obvious that
a replicate of the above composite with a different biomass
will exhibit different properties and affinity toward metals.
The aim of the present study is to prepare such a com-
posite from the sweet sorghum bagasse then characterize
the composite using XRF and SEM for surface morphology.
The adsorption behaviour and capacity of the prepared
composite for the removal of Cr(VI) and Zn(Il) from an
aqueous solution in a batch adsorption experiment system
was then determined using kinetic and isotherm models.

2. Methodology
2.1. Materials

The natural bentonite clay used in this study was
obtained from Yellowstar bentonite mine, near Koppies in
the Free State South Africa. The clay was ground and sieved
to achieve a particle size smaller than 150 pm.

The batch of sweet sorghum bagasse was obtained from
the College of Agriculture in Potchefstroom-South Africa.
It was ground and sieved to achieve a particle size smaller
than 150 pm.

Ferric-chloride hexahydrate (FeCl, - 6H,O) was pur-
chased from associated chemical enterprises (ACE). The
compound was dissolved in deionised water and different
processes were applied for the various composites to form
the hematite particles.

The two salts used to prepare the metallic solutions in
this study included potassium dichromate (K,Cr,0,) and
Zinc chloride (ZnCl,)) which were purchased from ACE as
analytical grade reagents.

2.2. Preparation of adsorbents
2.2.1. Bentonite/biomass (Bt/Bm)

The bentonite and biomass were combined in a 1:5 mass
ratio, and then pyrolysed at 400°C (in the presence of nitrogen)
to form a powdered sample. This sample was crushed and
sieved once again to obtain a particle size smaller than 150 pm.

2.2.2. Bentonite/hematite (Bt/Hem)

Eleven grams of bentonite were added to 26 mL of
deionised water. The ferric-chloride hexahydrate was
added in a 1:1 mass ratio to the aqueous bentonite solution.
A 5M sodium hydroxide solution was added drop wise to
facilitate the precipitation of the hematite, and subsequently
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passed through a filter to remove the excess water from the
adsorbent. The solid retentate was dried at 70°C overnight
in the oven. The product was crushed and sieved to obtain
a particle size smaller than 150 pm.

2.2.3. Biomass/hematite (Bm/Hem)

The biomass and ferric-chloride hexahydrate were com-
bined in a 1:1 mass ratio in 64 mL of deionised water. A5 M
sodium hydroxide solution was added drop wise to facil-
itate the precipitation of the hematite, and subsequently
passed through a filter to remove the excess water from
the adsorbent. It was then pyrolysed at 400°C (in the pres-
ence of nitrogen) to form a powdered sample that was then
crushed to a particle size smaller than 150 pm.

2.2.4. Bentonite/Biomass/hematite (Bt/Bm/Hem)

The bentonite/biomass/hematite were combined in a
1:4:1.5 mass ratio to form a mixture and a 5 M ammonium
hydroxide solution was added drop wise to facilitate the
precipitation of the hematite [22]. This solution was passed
through a filter and continuously washed. The retentate
was then pyrolysed at 400°C (in a nitrogen atmosphere).
The product was crushed and sieved to obtain a particle
size smaller than 150 pm.

2.2.5. Control groups

The pure bentonite control was dried, crushed and
sieved to obtain a particle size smaller than 150 pm, whilst
the biomass was pyrolysed and treated to obtain similar par-
ticle size. The hematite control was formed by precipitation
of the iron oxide in the presence of ammonium hydroxide.

2.2.6. Summary

In Table 1 the amount of each material required to form
the various adsorbents is shown.

2.3. Preparation of adsorptive solutions
2.3.1. Synthetic metallic solutions

The synthetic metallic solutions were prepared by
dissolving the salts of potassium chromate and zinc chlo-

Table 1
Summary of components needed for the formation of the
composites

Material Bt Bc Hem Bt/Bc Bt/Hem Bc/ Bt/Bc/
& @ @ @ @© Hem Hem
(& (g
Bt 128 - - 512  10.67 - 3.46
Bm - 43.67 — 256 - 25.6  25.6
FeClLH,0 - - 64 - 10.67 256 15.36
Water - - 160 - 26.67 64 384

ride in separate containers with distilled water to form a
stock solution of 1000 mg L. This stock solution was sub-
sequently diluted with distilled water of a given volume
to form the corresponding working solution used in the
adsorption experiment.

2.4. Adsorption experiments

All adsorption experiments were carried out in a batch
system using the 250 mL Erlenmeyer flasks. The flask con-
taining the metallic solution and the adsorbent was incu-
bated in a temperature controlled incubator shaker set at
200 rpm for a given time keeping the pH unchanged.

2.4.1. Adsorption with different initial metal concentrations

An amount of 0.1 g of adsorbent was added to 25 mL of
adsorptive solutions and continuously stirred at 200 rpm
for 1 h. The adsorbate concentrations in solution were 25,
50, 75 and 100 mg L. The suspension was centrifuged at
4000 rpm for 10 min.

The supernatant was removed with a pipette and the
residual concentration of the metal ion was determined
using the inductively coupled plasma optical emission spec-
trometer (ICP Expert II, Agilent Technologies 720 ICP-OES).

2.4.2. Adsorption of metals at various contact times

The results from the isotherm study were used to deter-
mine the composite with the highest adsorption capacity
for hexavalent chromium and zinc; the best composite was
further used in the adsorption kinetics experiments to con-
firm its potential.

The adsorbent (0.1 g) was added to a 25 mL solution
containing 50 mg L™ of metal ion. This solution was stirred
at 200 rpm for 15, 30, 45 and 60 min, and samples were
extracted at each time interval. The extracted samples were
centrifuged at 4000 rpm for 10 min and the supernatants
were removed by a pipette and the residual concentrations
of the metal ions were determined using the inductively
coupled plasma optical emission spectrometer (ICP Expert
11, Agilent Technologies 720 ICP-OES).

2.5. Mathematical modelling

The modelling of the adsorption behaviour was done
in two phases namely Isotherm modelling and kinetic
modelling.

Before applying these models, the equilibrium concen-
tration of the adsorbate must first be found experimentally
and the adsorption capacity determined using Eq. (1);

= GGV M
m

where g, is the amount of metal adsorbed per unit mass of
adsorbent (mg/g); C, is the initial concentration of the metal
ions in the solution (mg L™); C, is the metal ion concentra-
tion (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 equilibrium (e) or at a time interval (f).
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2.5.1. Isotherm modelling
The Langmuir isotherm as described by [29-31];

_ KQc,
fe =1+ kC, 2)
Or in linearized form;
c_1.,c o
7. KQ Q

where g, is the amount of metal adsorbed per unit mass of
adsorbent (mg/g); C, is the metal ion concentration at equi-
librium (mg L) ; K is the adsorption coefficient and Q is the
maximum capacity (mg/g).

The Freundlich isotherm is described by Yao et al. [25]:

g =k;C" 4)

Or in linearized form;
1
Ing, =Ink; +—InC, ®)
n

where g, is the amount of metal adsorbed per unit mass of
adsorbent (mg/g); C, is the metal ion concentration at equi-
librium (mg L™); kf is the adsorption coefficient and # is a
constant for the model.

2.5.2. Kinetic modelling

Before applying the kinetic models, the adsorption
capacity at different times need to be calculated according
to the equation described above.

The pseudo first order kinetic rate law is described by
Yao et al. [25] as:

d
%ﬂq(qe -q) ©)
The pseudo second-order kinetic rate law is given by:

dqt 2
E=k2(% - q;) )

where k, and k, are the rate constants for the first and second
order kinetics, respectively. Non-linear regression methods
will be used to determine these rate constants.

2.6. Characterization of the adsorbents
2.6.1. X-ray fluorometry (XRF)

The elemental composition of the clay was determined
using the X-ray fluorometer (XRF), the analysis was performed
on the MagiX PRO & SuperQ Version 4 (Panalytical, Nether-
land); a rhodium (Rh) anode was used in the X-ray tube and
operated at 50 kV and current 125 mA; at power level of 4 kW.

2.6.2. Scanning electron microscopy (SEM)

The morphology of the adsorbent composites was
determined by scanning electron microscope (SEM) pho-

tographs from a TECSAN, model VEGA 3 XMU from the
Czech Republic, with a 10 micron lens.

3. Results and discussion
3.1. Elemental composition of the adsorbents

The XRF analysis of the seven adsorbents showed that
the chemical composition varied among the pure clay and
the synthesized adsorbents. Table 2 indicates the most
prominent compounds that are present in the adsorbents.

The high mass percentage of iron oxide in the hematite
containing adsorbents indicates that insertion of hematite
on the newly synthesized adsorbent was successful. The
presence of silicone oxide is attributed to both the biochar
and the bentonite clay. The XRF analysis does not account
for carbon-based compounds.

3.2. Morphology of the adsorbents

The SEM image of the biochar at one thousand-time
magnification is displayed as Fig. 1(a). The biochar mainly
consists of rod-like structures that have many alcoves and
protrusions. According to the study performed by Yin et al.
[32], the formation of these porous cylindrical structures
may be attributed to the formation and subsequent expul-
sion of volatile components.

The SEM image of the bentonite/biochar composite at
one thousand-times magnification is displayed as Fig. 1(b).
Similarly, to that of the biochar control group, rod-like
structures and protrusions are the most dominants. How-
ever, unlike the control group, bentonite particles can be
seen in the image as small lumps. The surface texture is not
as smooth as that of the control group and would have a
larger surface area.

A one thousand-times enlarged image of the benton-
ite/hematite composite is shown in Fig. 1(c). The hema-
tite appears to have formed crystalline structures that are
attached to the surface of the clay and can be seen through-
out the entire image due to its characteristic plate-like hex-
agonal crystalline structure. The morphology presented in
this study is near identical to the morphology observed by
Al-Farhan [33].

Fig. 1(d) shows the biochar/hematite composite at a
magnification of one thousand times. Small crystalline
structures are slightly visible, which indicates that hematite
formed successfully on the surface. The hematite is not as
easily observed compared to the bentonite/hematite com-
posite. The size of the hematite particles in this composite
is significantly smaller than that of the bentonite /hematite
composite.

Table 2
Mass percentage of compounds in the adsorbents

Component Bc Bt BtBc BcHem BtHem BtBcHem
ALO, 079 18.68 163 4.18 332 1678
SiO, 3838 62.89 5251 38.84 2313 5554
K,0 2994 258 1725 1782 239 232
CaO 1259 182 927 705 0.83 042
Fe,O, 429 1086 597 2053 6702 17.67
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Fig. 1. SEM micrograph of: (a) biochar, (b) bentonite/biochar, (c) bentonite/hematite, (d) biochar/hematite and (e) bentonite/bio-

char/hematite.

A one thousand-times magnification of the bentonite/
biochar/hematite composite revealed that the formation
process was successful. The image is displayed as Fig. 1(e).
The bentonite granules adhered to the biochar more suc-
cessfully compared to the bentonite/biochar composite. A
larger amount of hematite particles are attached to the bio-
char in this composite as compared to the biochar /hematite
composite. As proposed by Ruan et al. [22], the hematite
may serve as binding agent between the biochar and ben-
tonite. Small bentonite granules are seen in a very large area
of the image, proper formation and adhesion of hematite to
the surface also occur.

3.3. Adsorption study

Following the method described previously, seven
adsorbents and their accompanying adsorptive solutions
were prepared. Isotherm adsorption studies were per-
formed in accordance to the description in methodology.
The data was analysed to determine the best composite to
be used for the kinetic study.

3.3.1. Isotherm study

The models frequently used for the isotherm study
include the Freundlich isotherm model which describes a
heterogeneous layer adsorption and the Langmuir isotherm
model which describes a monolayer adsorption. The iso-
therms parameters are obtained by plotting log(q,) versus
log(C)) for the Freundlich model, and C,/q, versus C, for the
Langmuir model.

The adsorption study results were fitted to the linear-
ized Freundlich and Langmuir isotherm models and the
results are displayed in Table 3.

3.4. Adsorption behaviour of simple adsorbents
3.4.1. Bentonite

Adsorption equilibrium data for the removal of Cr(VI)
from solution were fitted to the Freundlich isotherm model
and the coefficient of determination obtained was close to
unity (R?=0.938); while the fitness of these data to the Lang-
muir isotherm model resulted to a lower coefficient of deter-
mination (R? = 0.6795). The Freundlich isotherm model was
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Table 3
Summary of isotherm parameters

Adsorbent Adsorption of Cr(VI) Adsorption of Zn(II)
Bestmodel ~ Parameters g, (mg/g) Best model Parameters q, (mg/g)
Bt Freundlich  kf 0.023 0.291 Freundlich kf 1.184 14.536
n 1.529 n 1.56
R? 0.938 R? 0.9525
Be Freundlich  kf 0.005 0.529 Freundlich kf 2.384 14.063
n 0.855 n 2.204
R? 0.936 R? 0.9775
Hem Langmuir Q 21.321 17.24 Langmuir Q 0.389 0.312
kf 0.085 kf 0.082
R? 0.925 R? 0.92
Bt/Bc Freundlich kf 0.003 0.572 Freundlich kf 3.251 10.897
n 0.733 n 3.234
R? 0.853 R? 0.851
Bt/Hem Freundlich kf 0.184 1.518 Langmuir Q 2.697 1.953
n 1.852 kf 0.053
R? 0.978 R? 091
Bc/Hem Freundlich kf 0.006 0.979 Freundlich kf 0.173 5.087
n 0.755 n 1.156
R? 0.93 R? 0.928
Bt/Bc/Hem  Langmuir Q 9.648 7.075 Freundlich kf 0.01 4917
kf 0.055 n 0.626
R? 0.982 R? 0.924

therefore suitable to describe the adsorption of Cr(VI) and
was subsequently used to determine the isotherm parame-
ters. Using computerized linear regression methods the cal-
culated adsorption coefficient and exponent were 0.023 and
1.529, respectively. The adsorption potential was calculated
and a value of 0.291 mg/g was obtained.

For the adsorption of Zn(II), the Langmuir and Freun-
dlich isotherm models were found to fit (R?> = 0.9515 and
0.9525, respectively) the adsorption equilibrium data. Since
the values of the coefficients of determination are nearly
identical and closer to unity, the adsorption of Zn(Il) on the
bentonite occurred both onto homogeneous and heteroge-
neous surfaces. The calculated adsorption coefficient and
exponent were 1.184 and 1.56, respectively. The adsorption
potential was calculated as 14.536 mg/g.

The maximum adsorption capacity of bentonite for the
removal of Zn(II) from solution is nearly 50 times larger than
when removing Cr(VI) from solution. This discrepancy can
be attributed to the cationic nature of Zn(II) and a hydroxyl
functional group that is found in this particular bentonite
[1]. The anionic structure of the dichromate ion (Cr,0,*) cre-
ates a repulsion force between it and the hydroxyl group,
limiting surface contact and thus effectively reducing its
adsorption. According to a study by Sag et al., [34], the statis-
tical mechanics and kinetic gas theory are important factors
when interpreting adsorption behaviour data. The probabil-
ity of surface contact, and thus adsorption, increases as the
compound’s atomic weight increases because of the kinetic
energy it possesses. In this study however, the kinetic and

the probability theory will not be accounted for because the
kinetic energy difference between the species is vastly offset
by the ionic charge difference.

3.4.2. biochar

The biochar was used to adsorb Cr(VI) and the equilib-
rium data was fitted to the Freundlich and Langmuir iso-
therm models, and the coefficient of determination values
obtained as 0.936 and 0.337, respectively. The adsorption
of Cr(VI) by the biochar could be therefore predicted using
the Freundlich model. The results obtained in Table 3 indi-
cate that the values of the adsorption coefficient and expo-
nent are 5.44 x 107 and 0.855, respectively. The calculated
adsorption potential was 0.529 mg/g.

The adsorption of Zn(Il) by the biochar is best
described by the Freundlich model which has a deter-
mination coefficient of 0.9775. The adsorption coefficient
and exponent values calculated were 2.3835 and 2.204,
respectively. The adsorption potential derived from the
intercept was 14.063 mg/g.

Biochar outperformed bentonite for the removal of
Zn(Il) and could therefore be considered as a valid alter-
native in regions were pure bentonite is not available or
expensive. The adsorption potential for Zn(II) is 25 times
larger than the value calculated for Cr(VI) adsorption. The
functional groups in the biochar are mainly responsible for
this enormous difference. According to a study performed
by Lawrinenko [35], carbonyl and carboxylate functional
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groups are commonly produced by fast pyrolysis resulting
in a negatively charged surface. This would in part, explain
the high adsorption affinity of biochar for Zn(II) and the
low adsorption affinity towards Cr(VI).

3.4.3. Hematite

Hematite was formed according to the procedure
described in the methodology and was used for the removal
of Cr(VI); the Langmuir and Freundlich models were fitted
to the adsorption equilibrium data. The isotherm param-
eters are summarized in Table 3. The Langmuir isotherm
model for the adsorption of Cr(VI) had the highest coef-
ficient of determination of 0.925, compared to the Freun-
dlich model and was therefore suitable for the prediction
of the adsorption behaviour. The adsorption constant was
calculated as 0.0845 with a maximum adsorption potential
value of 21.321 mg/g. The value of the adsorption potential
derived from the intercept was 17.24 mg/g.

The adsorption of Zn(II) by hematite was well expressed
by the Langmuir isotherm model with a better fit to the
experimental data (R* = 0.92). An adsorption coefficient of
0.0815 was obtained and the maximum adsorption capacity
was 0.389 mg/g. The adsorption potential of the hematite in
this case was 0.312 mg/g.

It has been shown throughout the literature that hema-
tite has a uniquely high adsorption affinity for Cr(VI) [36].
The highly cationic nature of the hematite mineral is the
principal factor contributing to the observed adsorption
affinity toward Cr(VI), specifically the dichromate ion. The
same argument could be considered to explain the lower
adsorption affinity toward the positively charged Zn(II) ion.

3.5. Adsorption behaviour of composites
3.5.1. Bentonite/biochar composite

The Cr(VI) removal behaviour has been explained ear-
lier and it is not surprising that the bentonite/biochar com-
posite has an equally low adsorption capacity for Cr(VI).
The isotherm data is shown in Table 3. The Freundlich iso-
therm model showed a coefficient of determination of 0.853,
which is higher than that of the Langmuir model. The cal-
culated adsorption coefficient and exponent were 0.003 and
0.733, respectively. The calculated value of the adsorption
potential was 0.572 mg/g.

The isotherm study of the adsorption of Zn(II) showed
that both the Langmuir and the Freundlich isotherm mod-
els had a relatively low coefficient of determination (R? =
0.851). The Freundlich isotherm model had a smaller devi-
ation between runs and was chosen as the model that best
describes the system. The corresponding parameters could
be determined based on the Freundlich isotherm model.
The values obtained for the adsorption coefficient and the
exponent were 3.251 and 3.234, respectively. The adsorption
potential was calculated and gave a value of 10.897 mg/g.
This value is 33% smaller than that of the biochar and ben-
tonite as simple adsorbents.

It is possible that the anionic functional groups of the
biochar partially bind with the cationic functional groups
of the bentonite and vice versa. Another possible reason for
the discrepancy between the composite’s adsorption capac-
ity and that of its constituents is due to the obstruction of

pores caused by the addition of bentonite. This reduces the
amount of available adsorption sites and lowers the adsorp-
tion potential of the composite.

3.5.2. Bentonite/hematite composite

The averaged isotherm data from the adsorption of
Cr(VI) by the bentonite/hematite composite are shown in
Table 3. The Langmuir model best describes the adsorption
behaviour, with a coefficient of determination of 0.978. The
calculated adsorption coefficient and exponent were 0.1835
and 1.8515, respectively. The value obtained for the adsorp-
tion potential was 1.518 mg/g.

The adsorption of Zn(Il) is best described by the Lang-
muir isotherm model with a corresponding coefficient of
determination of 0.91. The maximum adsorption capac-
ity and the adsorption constant obtained were 2.697 and
0.0525, respectively. The adsorption potential of the benton-
ite/hematite composite was 1.953 mg/g.

The composite performed poorly compared to its sepa-
rate constituents, due to the inhibition of functional groups
available in the structure of the individual compounds. The
cationic nature of the hematite and the anionic nature of the
bentonite are naturally attracted to one another. The bind-
ing between the functional groups of the two compounds
severely limit the available surface area needed for success-
ful adsorption. This phenomenon confirms why the SEM
images showed such a large number of hematite crystals on
the bentonite surface. The advantage of excellent adhesion
between the two minerals is offset by the disadvantage of a
vastly reduced adsorption potential for either metal.

3.5.3. Biochar/hematite composite

Results in Table 3 show that the adsorption of Cr(VI)
is better expressed by the Freundlich isotherm model
(R? = 0.930). The values of the calculated adsorption coef-
ficient and exponent were 5.5 x 10 and 0.755, respectively.
The corresponding adsorption potential was found to be
0.979 mg/g.

The Freundlich isotherm model was found to be the
best model to describe the adsorption of Zn(ll) yielding a
coefficient of determination value of 0.928. Computed val-
ues of the adsorption coefficient and exponent were 0.1725
and 1.156, respectively. The adsorption potential was calcu-
lated, and a value of 5.087 mg/g was obtained.

The low adsorption potential of the composite toward
Cr(VI) is due to the similar phenomenon observed with
the bentonite/biochar composite. The functional groups
of the biochar bind with those of the hematite and effec-
tively saturate the surface. The SEM images showed that
only a small amount of hematite was attached, reinforc-
ing the statement that the hematite might be saturated.
This causes the hematite to be nearly irrelevant in the
adsorption process, even more so than in the bentonite/
hematite composite. The adsorption potential of the com-
posite toward Zn(II) is relatively high. Comparing it to the
bentonite/hematite composite it is seen that the biochar/
hematite composite outperforms it. Bentonite and biochar
both have similar adsorption potentials for each ion, but
greatly different potentials when combined with hema-
tite. The discrepancy could be attributed to the biochar’s
organic nature that has far less cationic functional groups
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due to the high percentage of organic molecules typically
found in plant material.

3.5.4. Bentonite/biochar/hematite composite

The isotherm study of the adsorption of Cr(VI) showed
that the adsorption behaviour was best described by the
Langmuir isotherm model and the corresponding coeffi-
cient of determination of 0.982 was obtained.

The maximum adsorption capacity was 9.648 mg/g and
the adsorption constant was 0.055. The adsorption potential
of this composite was calculated from the slope of the lin-
ear equation and yielded a value of 7.075 mg/g. This is the
highest value for the adsorption of Cr(VI) by any composite.

Studying the adsorption of Zn(Il) it can be seen (Table 3)
that the Freundlich isotherm model has the highest coeffi-
cient of determination value of 0.924. The adsorption coef-
ficient and exponent were calculated as 0.01 and 0.626,
respectively. The calculated value of the adsorption poten-
tial was 5.167 mg/g.

3.5.5. Kinetics study

Itis important to determine the rate and the mechanisms
of an adsorption process such as to be able to optimize the
process for large scale implementation. Two kinetic models
namely the pseudo-first and -second order kinetic models
are often used to determine the kinetic parameters relevant
for the interpretation of the rate limiting step of the adsorp-
tion process.

3.5.6. Biochar

A kinetic study of the adsorption behaviour of Zn(II)
by biochar was conducted. The biochar displayed a high
adsorption affinity toward Zn(Il), second only to bentonite.
The biochar was however chosen because it is considered as
the main basis of the composite.

The study was performed as described in the method-
ology. Pseudo first- and -second order kinetic models were
used to describe the adsorption behaviour. Fig. 2 (run 1 and
run 2) shows the results for both runs and each kinetic model.

The averaged model parameters calculated from the
data as displayed in Fig. 2 are shown in Table 4.

In both cases, a very high coefficient of determination
was found. The overall coefficient of determination for the
pseudo first order model was 0.986, which was lower than for
the pseudo second order model (R* = 0.994). The adsorption
coefficient (k,) for the second order model was found to be
0.015 and the adsorption potential was 9.1 mg/g. Although
this model has the largest coefficient of determination, the
difference between the calculated and experimental adsorp-
tion capacity was 13.15%, while a difference of only 0.83%
was observed in the case of the pseudo first order model.

3.5.7. Bentonite/biochar/hematite composite

A kinetic study was performed for the removal of Cr(VI)
from solution by the composite. Pseudo-first and -second
order models were used to describe this system. Table 5
shows the averaged data from this study.
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Fig. 2. Pseudo first- and second order plot for Zn(II) adsorption
on biochar (Run 1 and Run 2).

Table 4
Calculated parameters of the kinetic models for Zn(II)
adsorption onto biochar

Kinetic model Model parameters Values

Pseudo-first order k, (min™) 0.094
q, (mg/g) 7975
R? 0.986

Pseudo-second order k, (g mg™.mol™) 0.015
q,, (mg/g) 9.100
R? 0.994

Fig. 3 shows the results for both runs and fitting of each
kinetic model.

In both cases, a very high coefficient of determination
was found. The overall R? value for the pseudo-first order
model was determined as 0.979, whereas a R? value of 0.975
was determined for the pseudo second order. The adsorp-
tion coefficient for the pseudo-first order model was found
to be 0.0434 and the adsorption potential was 5.414 mg/g.
The calculated adsorption potential differs from the experi-
mental value by only 6.4%.
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The bentonite/biochar/hematite composite’s adsorp-
tion capacity is approximately two and half times less
than the best performing adsorbent for either adsorptive
solution.

It is the second best adsorbent for Cr(VI) and the best
composite adsorbent for the same metal. This could be
because of the larger amount of hematite that adhered to
the composite, as illustrated by the SEM images. Because of
this, the hematite active sites might not be fully saturated as
was the case with the other hematite-containing adsorbents.

The composite is the third least effective adsorbent for
Zn(Il), and performing far less than the second least effec-

Table 5
Calculated parameters of the isotherm models for Cr(VI)
adsorption on bentonite/biochar/hematite

Kinetic model Model parameters Values

Pseudo-first order k, (min™) 0.043
q, (mg/g) 5414
R? 0.979

Pseudo-second order  k, (g mg.mol™) 0.005
4., (mg/g) 7339
R? 0975
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Fig. 3. Pseudo first- and second order plot for Cr(VI) adsorption
on bentonite/biochar/hematite.

tive. The greater amount of hematite in the adsorbent lim-
its the adsorption potential of the composite because the
functional groups have the same charge as the Zn(II) ion.
However, the amount of hematite present in the composite
is not enough to totally inhibit the adsorption of Zn(II). The
high affinity of the bentonite and biochar to Zn(II) is mainly
responsible for the observed adsorption potential.

This composite could be an alternative to the use of
many adsorbents to clean a specific system. Although it
does not absorb Cr(VI) like hematite or Zn(II) like biochar
or bentonite, it is the only adsorbent in this study to effec-
tively adsorb both metallic ions.

4. Conclusion

The formation and characterization of the composites
were successful and the SEM images provided visual evi-
dence. The isotherm study exhibited mixed results, but
overall, the Freundlich isotherm described the systems in
the best manner, implying that the mechanism of metals
adsorption was dominated by binding to heterogeneous
surface for most of the adsorbents [37]. The biochar is well
suited for Zn(Il) adsorption, rivalling even bentonite. It can
be considered as a valid alternative in regions where pure
bentonite is hard to obtain. The adsorption potential for
Zn(Il) is 25 times larger than the value calculated for Cr(VI)
adsorption. The negative charge of functional groups in the
biochar are mainly responsible for this enormous differ-
ence. Bentonite and biochar appear to function in a simi-
lar manner regarding adsorption. The composite, however,
had a lower adsorption capacity for Zn(II) than either of its
constituents. Although the bentonite/biochar/hematite did
not exhibit the highest adsorption capacity for either of the
metal ion, it was the only adsorbent capable to remove both
Cr(VI) and Zn(IT) and could therefore be recommended for
polishing in hybridized treatment system of wastewater
contaminated by both metals.
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