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A B S T R A C T

In this work, Clay-Biochar composite was synthesized from local Clay and local cotton wood, and applied for
removal of glyphosate from aqueous solutions by adsorption. The Clay, Biochar and Clay-Biochar composite were
characterized using X-ray diffraction, scanning electron microscope, fourier transform infrared spectroscopy, and
thermal analysis. The adsorption studies of glyphosate were investigated by batch process at laboratory tem-
perature. Adsorption experiments showed that the composite exhibited much better adsorption capability than
both Clay and Biochar. The adsorption kinetics of glyphosate obeyed pseudo-second-order model according to
their high coefficient R2 ¼ 0.996, 0.995, 0.999 for Clay, Biochar and Clay-Biochar composite, respectively. The
equilibrium adsorption data was best described by Langmuir model with R2 values of 0.937, 0.989, and 0.993 and
Temkin model with R2 values of 0.982, 0.909, and 0.983, each for Clay, Biochar and Clay-Biochar respectively.
Therefore, Clay-Biochar composite could be applied in the remediation of glyphosate in contaminated aqueous
media.
1. Introduction

It is generally said that water is life. Unfortunately, it is the main
victim of environmental pollution. The reduction in the quality of
physico-chemical and biological characteristics of water due to envi-
ronmental pollution is referred to as water pollution. Human activities
are largely responsible for the presence of xenobiotic compounds in
water bodies as pollutants because their concentrations exceed the nat-
ural levels. Two major sources; increased urbanization as well as
increased industrial activities are responsible for the increase in the
pollution of water bodies by xenobiotic compounds. Some examples of
these xenobiotic compounds being sent to the environment at large
include pesticides, dye, heavy metals etc. [1].

The particular group of xenobiotic called pesticides has been used and
continues to be used for insects, weeds and diseases management in
agricultural activities. Their improper use can lead to serious conse-
quences on non-target organisms through different routes of exposures
which can be direct and indirect. 65 % of the pesticide market (herbi-
cides, insecticides, and fungicides) worldwide is dominated by herbicide.
One example of herbicide generally used in agriculture, industrial and
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urban activities is glyphosate (N-(phosphonomethyl)-glycine). This wide
domain of usage is because it is a post-emergence herbicide having a
broad spectrum and non-selective. Currently, annual usage of glyphosate
worldwide stands at about 600–750 thousand tonnes and is expected to
increase to 740 to 920 thousand tonnes by 2025 [2,3]. The World Health
Organization (WHO) has reported teratogenicity effect of glyphosate
compounds in vertebrates. This has resulted in glyphosate being classi-
fied as a probable human carcinogen by WHO. Metabolic acidosis has
been reported as the main clinical symptom from glyphosate contami-
nation in humans which occurs through accidents, or labor intoxication
and its metabolites [4, 5]. Due to glyphosate toxicity, there is an urgent
need to eliminate it fromwastewater as water is used for every activity on
earth. Most conventional methods currently used to eliminate glyphosate
from water and wastewater include; chemical oxidation, electrolysis,
biochemical, adsorption and evaporation. However, recent studies
worldwide show an evolving trend in the use of adsorption because of its
ability to be operated at low cost with almost no energy consumption.
Adsorption also has the potential to eliminate all types of pollutants at
every concentration [6]. Of particular importance is the use of local
materials and wastes as adsorbent in adsorption.
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Clay is one of the most abundant natural materials worldwide. While
clay has a wide range of application with its use as adsorbent included,
each application is highly depended on its physical and chemical prop-
erties defined by structure and composition [7]. Different types of clays
are characterized by high surface areas, many surface hydroxyl and
silanol groups, high cationic exchange capacity and are chemically and
mechanically stable [8, 9]. These characteristics give them good adsor-
bent potentials. However, these adsorbent properties can be improved by
combining the clay with other materials. In this light, bentonite based
composites have been synthesized between bentonite and; metal oxide,
synthetic and natural polymers. Equally other authors have also reported
the potential of synthesizing clay composites using biochar from biomass
waste [7].

Biochar (BC) produced by pyrolysis of biomass in the absence or
limited oxygen condition is actually a charcoal rich in carbon [8, 9].
Biochar can be used for many applications amongst which environmental
remediation [10, 11, 12]. This is because it has a negative surface charge,
many surface functional groups, and other structural and textural prop-
erties such as high specific surface area, large pore volume, and high
cationic exchange capacity. These properties thus give biochar a strong
binding capacity for organic and inorganic pollutants [13, 14, 15]. The
chemical and physical properties of biochar are influenced by feedstock
types which are abundant and easily available as waste materials. Tem-
perature, residence time, heating rate, and reactor type are some of the
conditions that influence biochar pyrolysis process [11, 16]. The use of
biomass as feedstock for biochar production supports sustainable waste
management indirectly. A number of researchers have recently attemp-
ted to synthesize biochar composites to improve its properties and in-
crease domains of applications [17]. Because clay and biomass (precursor
for biochar) are easily available materials worldwide, the use of these
two materials to produce a composite with good adsorbent properties for
environmental remediation particularly water treatment will provide a
cost effective process and reduce environmental effects of biomass
dumping [7].

Many studies have synthesized clay-biochar composites and used it to
remove several pollutants such as methylene blue, ammonium, cadmium,
tetracycline antibiotic, arsenic and nitrate from aqueous media [7, 8, 17,
18, 19]. However, there is no article reported on the adsorption of
glyphosate by clay-biochar composite to the best of our knowledge.

In the present study, the clay-biochar composite was produced from
local cotton wood and local clay and the efficiency of the produced
composite, raw clay and cotton wood biochar materials in removing
glyphosate from synthetic wastewater through batch experiments was
evaluated. The adsorbent properties of these materials were also
determined.

2. Material and methods

2.1. Adsorbents preparation

2.1.1. Sample and treatment of clay
The clay sample was obtained from the far north region of Cameroon,

in the area of Maroua. The purification of natural clay used in this work
was done according to the method described by [20]. Accordingly, clay
was washed and rinsed with distilled water to remove stones and other
heavy particles, dried at 105 �C in the oven for 12 h. Carbonates were
eliminated using hydrochloric acid (0.5 M) solution to obtain the clay
particles and the solid was crushed in a porcelain mortar and sieved
through a 250-mesh sieve. Clay fractions (<2 μm) were separated by
sedimentation.

2.1.2. Biochar production
Cotton woods were collected from a farm in Maroua. Cotton woods

were cut into small pieces and washed with distilled water to remove
adhered contaminations from its surface. After washing with distilled
water, the small pieces of cotton woods were dried at 80 �C in the oven
2

for 12 h. Before pyrolysis, the small pieces of wood were milled into little
particles. Biochar was produced by the slow pyrolysis from the little
particles obtained. The pyrolysis was performed in a quartz tube at a
heating rate of 15 �C/min up to 650 �C, the maximum reaction temper-
ature was kept constant for 2 h in order to assure the completion of the
reactions.

2.1.3. Clay-biochar composite production
Clay-biochar composite was prepared from clay mineral and cotton

wood. First, a stable clay suspension was prepared by adding 10 g of clay
powder to 200 mL distilled water and mixed using a rotary shaker for 20
min. Then, 10 g of the milled cotton wood were dipped into the clay
suspensions and stirred for 2 h. After that, the mixture was poured in an
inox plate and oven dried at 80 �C. The mixture of clay with milled cotton
wood was pyrolysed in the same condition as biochar. Then the biochar
and composite were washed with deionized water, freeze-dried, passed
through a 250-mesh sieve, and used for characterization experiments.
The clay, biochar and clay-biochar composite were denoted as CL, BC and
CBC composite respectively.
2.2. Adsorption experiments

The adsorption performance was carried out by mixing 0.01 g of
adsorbent with 50 mL of glyphosate solution in 250 mL capped Erlen-
meyer flask and stirred on a rotary shaker at laboratory temperature up to
desired time. For investigation of operational paramters; the influence of
contact time was studied for different contact time (5–240 mn), effect of
pH was studied for pH of 4, 6, 8, 10 and 12. For isothermal assays the
concentrations were varied from 10–100 mg/L pH was adjusted by
adding 0.1 M HCl or 0.1 M NaOH. After predetermined intervals, the
solution was filtered using Whatman filter paper No 1, and the equilib-
rium concentration of glyphosate remaining in solution was determined
in a UV/visible spectrophotometer (spectrumlab 22) at wavelength 700
nm by complexing as discribed by [21], from the previously determined
calibration curve. All the samples were measured in duplicate and the
average value was used. The amount of adsorbate of glyphosate adsorbed
by different adsorbents was calculated by Eq. (1).

qe ¼ðC0 � CeÞ
m

V (1)

where qe (mg g�1) represents the amount of glyphosate adsorbed per
gram (g) of adsorbent, Co and Ce indicate initial and final glyphosate
solution concentrations (mg L�1) respectively, m is the mass of adsorbent
(g), and V is the volume of solution (L).
2.3. Kinetic models and isotherm adsorption

Kinetic models are essential to determine the rate of adsorption
process and to give important information on the reaction mechanism.
The Kinetic data was analyzed using: pseudo-first order model (Eq. (2)).

lnðqe � qtÞ¼ lnðqeÞ � k1t (2)

and pseudo-second order model (Eq. (3)).

t
qt
¼ 1
k2q2e

þ t
qe

(3)

where qt and qe are the amount of adsorbate at any time t and at equi-
librium time (mg g�1) respectively, k1 (min� 1) and k2 (gmg�1 min�1) are
the pseudo-first order and pseudo-second order equilibrium rate constant
that were determined through linear plot of lnðqe �qtÞ versus t and t=qt
versus t.

Three isothermal models; Langmuir, Freundlich and Temkin were
used to fit experimental data. Correspondingly, the following linearized
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forms of these models were applied for the adsorption isotherms; Lang-
muir (Eq. (4)), Freundlich (Eq. (5)) and Temkin (Eq. (6)).

1
qe

¼ 1
qmCekL

þ 1
qm

(4)

ln qe ¼ ln kF þ 1
n
ln Ce (5)

qe ¼ b ln kT þ b ln Ce (6)

where Ce (mg L�1) is the equilibrium concentration of glyphosate solu-
tion, qe and qm (mg g�1) are the amount adsorbed and maximum
adsorption capacity respectively, kL is the Langmuir constant (L mg�1). kF
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Figure 1. (a) X-ray diffractograms, (b)
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((mg g�1)/(mg L�1) n) is the Freundlich affinity coefficient and n is a
measure of adsorption linearity. kT (L g�1) is the equilibrium binding
constant, b (J mol�1) is related to heat of adsorption.
2.4. Characterization techniques

Different techniques were used to characterize clay, biochar and
synthesized clay-biochar composite. X-ray diffraction (XRD) study was
performed in a diffractometer (Bruker, D8 ADVANCE) with mono-
chromatic CuKa radiation (k¼ 1.5418 A�) at 40 KV and 40 mA in a range
of 4–80o to determine the phases identification. The surface functional
groups analysis was done by the FTIR spectrophotometer (Bruker Make,
Model: ALPHA-P). The FTIR reflection spectra were recorded in the
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region from 400 to 4000 cm�1. Powders of the raw materials (cotton
wood and clay) were subjected to thermal analyses (TG and DTA) using a
NETZSCH STA 429 (CD) device from 20 to 1200 �C in a self-generated
atmosphere of air at heating rate of 5 �C/Min. The morphology and
chemical composition of the adsorbents were determined using SEM and
EDX analysis respectively. All the different results from the different
techniques of characterization were compared with those of similar
samples reported in literature for identification.

3. Results and discussion

3.1. Characterization of adsorbents

3.1.1. X-ray diffraction
XRD patterns of Clay, Biochar and Composite are presented in

Figure 1a. The XRD diffractogram of clay (CL) revealed diffraction peaks
at 2θ ¼ 5.77; 12.21; 19.82; 20.74; 24.88; 26.57; 34.81; 41.59; 45.32; 50;
54.8; 60.23 and 62.13. The price of 2θ for montmorillonite mineral was
5.77; 19.82; 34.81 and 62.13 [22]. The reflections observed at 12.21;
24.88; 41.59 indicate the presence of kaolinite [23, 24]. The other peaks
are impurities corresponding to quartz. According to studies of [25, 26]
the clay used is a mixture of montmorillonite (type2/1) and kaolinite
(type1/1). The XRD analysis of the BC (Figure 1a) mainly exhibited two
broad peaks centered at 2θ ¼ 24� and 43� related with the strong and
weak diffraction peaks respectively. These peaks indicated the presence
of graphite in the biochar. The weak peaks at 43o suggested the amor-
phous nature of carbons. Similar diffraction patterns were obtained by
[27]. As given in Figure 1a, XRD pattern of CBC showed primary
reflection at 8.77 which is completely absent in both CL and BC. Mean-
while, the peaks at 5.77 and 12.21 from CL disappeared and there is a
significant decrease of the intensity of the peak at 19.82. Quartz (SiO2),
was also found in clay–biochar composite as a common mineral within
clay. The changes in the result of CBC show that the production method
used successfully implanted biochar onto the clay matrix.

3.1.2. Infrared spectroscopy
The obtained FT-IR spectrums of clay, Biochar and composite are

shown in Figure 1b. The FT-IR spectrum of CL revealed bands at 3695,
3621 cm�1 which can be assigned to the stretching vibrations of inner
and internal hydroxyl groups [23]. The band at 1633 cm�1 is attributed
to deformation vibration of absorbed water at the interlayer of clay [25].
The bands at 991 cm�1 and 793 cm�1 are assigned to Si–O stretching
vibration of orthosilicates and quartz respectively [28]. The band at 911
cm�1 is due to the Al–OH–Al bending vibration. The FTIR bands at 680
and 519 cm�1 were attributed to stretching of Si–O–Al bonds (kaolinite
and smectite) [23, 25, 29]. The bands around 1646 and 1498 cm�1 were
Figure 2. TG, DTG and DSC spectra of
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attributed to the stretching vibrations of C¼O and C¼C, corresponding to
carbonyls and aromatic rings, respectively in the case of BC [16, 30]. The
functional groups appearing at 1181 and 913 cm�1 can be assigned to
alcoholic C–O stretching and to aromatic C–H bending vibration [13, 30].
Comparing with the results of the raw materials, the composite exhibited
bands at 1597, 1442, 1018, 875; 421 cm�1, assigned to C¼O and C¼C,
Si–O–Si, Al–OH–Al, Si–O–Al respectively, which were practically the
same functional groups detected in CL and BC with low intensities.

3.1.3. Thermal analysis
Thermal analysis (TG, DTG and DSC) was carried out on the raw clay

and the cotton wood as shown in Figure 2. The weight loss during
thermogravimetric decomposition was divided into four stages for both
rawmaterials. The raw clay and the cotton wood exhibited a total weight
loss of about 31% and 71% up to 1000 �C respectively. In the Figure 2a
(TG, DTG and DSC for raw clay), the first weight loss (10.68%) have
evidenced between 0 �C–200 �C was due to dehydratation of free water
contained in the clay and related to the first endothermic peak at 81 �C.
The second weight loss occurred between 250 – 400 �C expressed by an
exothermic peak around 348 �C, corresponding to the decomposition of
organic matter contained in the clay. The third weight loss (7.74%)
observed in the range of 400–600 �C which was revealed by an endo-
thermic peak at 494 �C could be associated with the dehydroxylation of
both kaolinite and montmorillonite present in the clay. The last weight
loss (1.26%) occurring within the temperature range of 780–950 �C was
attributed to dehydroxylation of kaolinite which is transformed into
metakaolinite [23, 29]. As shown in Figure 2b, the TG, DTG and DSC
curves of cotton wood exhibited four stages weight loss observed in the
range within 0 �C–150 �C, 200 �C–360 �C, 360 �C–430 �C and 430
�C–900 �C which were expressed by an endothermic 65 �C, exothermic
295 �C, exothermic 419 �C and exothermic 444 �C respectively. The first
stage weight loss of 9.03% was associated with to the loss of water. The
second loss of 43.36% could be attributed to the degradation of hemi-
cellulose, followed by a third mass loss of about 12.61% corresponding to
the decomposition of cellulose. The last weight loss of 5.88% was due to
the decomposition lignin [31].

3.1.4. SEM/EDX analysis
The SEM images of Clay, Biochar and composite are shown in

Figure 3. The surface of CL was smooth with many hollow surfaces as can
be observed in Figure 3a. BC sample a porous structure, and exhibited an
uneven and rough surface (Figure 3b). For CBC (Figure 3c), CL particles
were deposited on the surface of BC but the surface was not entirely
covered by the clay [18, 32].

The chemical composition of the adsorbents was investigated by the
EDX analysis. EDX spectra of clay in Figure 3a presented high peaks of the
a) raw Clay and (b) cotton wood.



Figure 3. SEM images coupled with EDX composition analysis of (a) CL, (b) BC and (c) CBC.

Table 1. Kinetic parameters for glyphosate absorption.

Kinetic model Adsorbent Parameters

qe (mg/g) k1 (min�1) R2

Pseudo-first-order model CL 4.160 0.028 0.988
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constituent elements silicon, aluminium, oxygen, and iron which are
mainly elemental composition of clay. Nevertheless, the constituent el-
ements observed in biochar were carbon, oxygen and calcium. Whereas,
the EDX spectra of composite (Figure 3c) compared with other spectra
(Figure 3a,b) provided evidence for the existence of clay on the surface of
biochar.
BC 22.540 0.058 0.923

CBC 24.749 0.025 0.987

qe (mg/g) k2 (g/mg/min) R2

Pseudo-second-order model CL 4.966 0.008 0.996

BC 20.877 0.004 0.995

CBC 41.010 0.002 0.999
3.2. Sorption studies

3.2.1. Influence of contact time
The adsorption kinetics of glyphosate on clay, biochar, and composite

were evaluated using the same initial fixed glyphosate concentration (50
mg L�1) with contact times varying between 5 and 240 mn at pH (6.5) as
shown in Figure 5a. It can be observed that the adsorption of glyphosate
by CL and the CBC were reached equilibrium after 2 h while for BC the
adsorption was reached equilibrium after 1 h. The glyphosate adsorption
5

was found higher with the CBC than both CL and BC. This may be due to
the high mineral content, high electrical conductivity in clay and the
great capacity of ionic exchange of biochar.
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Figure 5. (a) Effect of contact time, (b) initial concentration on the adsorption
of glyphosate by different adsorbents.

Table 2. Langmuir, Freundlich and Temkin parameters on the adsorption of
glyphosate.

Model Adsorbent Isotherm parameters

Langmuir qmax (mg/g) kL (L/mg) R2

CL 0.159 46.154 0.937

BC 1.685 14.631 0.989

CBC 2.712 22.148 0.993

Freundlich n kF (mg/g) (L/mg)1/n R2

CL 2.045 5.913 0.928

BC 2.490 3.814 0.850

CBC 2.045 5.913 0.928

Temkin b (J/mol) kT (L/g) R2

CL 13.812 0.396 0.982

BC 13.812 0.818 0.909

CBC 13.812 0.396 0.983

D. Rallet et al. Heliyon 8 (2022) e09112
Parameters of the pseudo-first order kinetic and the pseudo-second
order kinetic are summarized in Table 1. The R2 of pseudo-second ki-
netic are 0.996, 0.995, 0.999 while the R2 of pseudo-first kinetic are
0.988, 0.923, 0.987 respectively for CL, BC and CBC. The R2 of pseudo-
second order showed higher values compared with the R2 of pseudo-first
order and the calculated adsorption capacities of pseudo-second order
are similar to the experimental adsorption capacities, thereby indicating
that chemisorption plays a major role in the process of adsorption [33].

3.2.2. Influence of pH
The pH is an important parameter affecting the adsorption of the

glyphosate in aqueous solution depending on the state of materials.
Maximum removal of 4.71, 19.41 and 37.06 mg/g were obtained at pH 8,
10 and 8 for CL, BC and CBC respectively. As shown in Figure 4a. The
adsorption efficiencies of glyphosate increased slowly with pH in the case
of Clay and Biochar, and decreased after pH 8 for clay and pH 10 for
Biochar. Meanwhile the adsorption capacity of glyphosate for the com-
posite sample decreased from pH 2 to 4. This was followed by an increase
to a maximum at pH 8. Glyphosate exhibits different functional groups in
solution at different pH (Figure 4b) [34]. The constant and the equilib-
rium reactions of acid-base dissociation of glyphosate are shown in
Figure 4b. At lower pH the species I and II should be dominant in solu-
tion. But as pH goes more basic (weaker acid), the species III and IV
become more dominant and enhanced adsorption as they possess more
7

active sites for binding on adsorbent. This more evident with species IV
(NH2þ →NH), suggesting enhanced adsorption at pH 8 was due to this
glyphosate species. Hence, the adsorption process could be occurring by
surface complex formation via the three phosphonate groups and NH
coordination to the adsorbents surfaces [34].

3.2.3. Influence of adsorbent dose
As shown in Figure 4c, the glyphosate equilibrium adsorption ca-

pacities decreased with increasing BC and CBC dose. The BC and CBC
displayed excellent adsorption capacities at low dose. This result might
be due to overcrowding of active sites of the adsorbents as well as specific
surface area which may reduce the adsorption capacities. As for CL, the
increase of adsorbent dose up to a maximum of 0.04 g increased
adsorption capacity of glyphosate, followed by a decrease at 0.06 g. This
Increase in adsorption might be due to the increase in surface area, and
hence the number of active sites [18].

3.2.4. Influence of initial concentration
The Figure 5b showed the adsorption of glyphosate on clay, biochar,

and composite at different initial concentrations. The equilibrium
adsorption amount of glyphosate increased quickly at low concentration.
Then, the adsorption capacity increased slowly and reached stabilization
at last. As seen in this figure, the CBC showed the best performances in
the adsorption of glyphosate than BC and CL.

Three adsorption isotherms models of Langmuir, Freundlich and
Temkin were fitted and their characteristics where presented in Table 2.
Calculated values of correlation coefficient R2, shows that Langmuir
model best fitted glyphosate adsorption on Biochar and Clay-Biochar
composite whereas Temkin model fitted adsorption on Clay. Therefore,
the Langmuir isotherm indicated that all adsorbents had homogeneous
surfaces made up of monolayer [6]. The fitting of Temkin isotherm
suggest that the adsorption of glyphosate was controlled by electrostatic
interaction of chemical adsorption.

4. Conclusion

The clay-biochar composite made from Clay and cotton wood by
pyrolysis in this present study was performed successfully with improved
properties as clearly shown by the presence of clay on the surface of
biochar. Batch system was investigated to perform the adsorption of
glyphosate on Clay, Biochar and Clay-Biochar composite. The sorption
process was analyzed through operating conditions such as contact time,
pH, adsorbent dose and initiale concentration. The Clay-Biochar com-
posite showed significantly high glyphosate adsorption capacity than the
original Clay and Biochar. Pseudo-second order kinetics model showed
best fit of glyphosate adsorption on the three samples. The Langmuir and
Temkin model were more suitable for describing the equilibrium
adsorption data for all the adsorbents. Thus, clay-biochar composite can
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be used for the removal of glyphosate containing waste water. The effect
of different clay/biochar ratio on glyphosate adsorption should be
further studied to improve the removal process.
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