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ABSTRACT

A study on the adsorption behavior and removal of an organophosphorous pesticide, mala-
thion, from aqueous solution was carried out using batch method. The activated charcoal
and bentonite clay were selected as commonly used adsorbents to be compared to a less
commonly used kaolinite clay. Two thermally treated kaolinite samples were prepared at
different temperatures. The samples were investigated by means of X-ray powder diffrac-
tion and thermogravimetric analysis. In aqueous medium, the thermally treated clay sam-
ples displayed higher adsorption capacities (qe = 356.06 and 362.37 lmol g�1, for kaolinite,
and 282.32lmol g�1, for bentonite) relative to that of the untreated one (qe = 311.87lmol g�1,
for kaolinite, and 188.13lmol g�1, for bentonite). In addition, the thermally treated kaolinite
samples exhibited faster adsorption rates (k1 = 3.03 � 10�3 and 2.77 � 10�3 min�1) com-
pared with that of the untreated one (k1 = 1.84 � 10�3 min�1). Desorption of malathion
from the loaded samples was also carried out for regeneration purposes. The adsorption/
desorption cycle of malathion on the kaolinite samples was repeated several times and the
removal efficiency of the regenerated kaolinite sample was noticed to decrease after the
3rd cycle.
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1. Introduction

Water pollution by organic and inorganic com-
pounds is of great public concern. Pesticides are very
dangerous and harmful because of their toxic and car-
cinogenic nature. They contaminate water through
agricultural, domestic and industrial activities and
therefore, their removal is important [1,2]. They are
mostly dissolved in water and cannot be easily
removed by solid/liquid separation process such as
coagulation and sand filtration. An effective and sim-
ple method is the addition of powdered activated car-
bon (PAC) at the inlet of a water purification process

train [3]. Due to the higher cost of activated carbon,
attempts had been made to find out alternative adsor-
bents for pesticides removal such as bentonite clays,
kaolin, iron oxides, and so on [4–7]. Organoclays have
been considered as good adsorbents of nonionic
organic contaminants. The hydrophilic surface of clay
changes into hydrophobic that sorbs effectively
organic compounds from water and air, through for-
mation of particular types of aggregates during coagu-
lation. The aim is to reduce the amounts of pesticides
distributed in the environment [8–10].

Clay minerals provide different adsorption sites
for neutral molecules (external and internal cations,
surface oxygen atoms, silanol and aluminol groups at
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the edges, etc.). A further possibility is opening the
interlayer spaces by pillaring reactions to promote
penetration of pesticides molecules among layers. The
adsorption properties of bentonites are changed when
they are calcined at 350–550˚C, i.e. at conditions that
layer structure is retained. These changes can be used
to enhance pesticide adsorption as previously stated
for metolachlor [11]. Calcination (thermal treatment at
different temperatures) of clay minerals leads to dehy-
dration and dehydroxylation processes and can be
accompanied by movements of the octahedral cations
within the octahedral sheet. This leads to improved
hydrophobicity without need to prepare organoclay
through cation exchange with organic cations [12,13].

The present work is a comparative study on the
capacity and/or efficiency of calcined kaolinite and
bentonite minerals compared to the commonly used
activated charcoal (AC) in the removal of a partially
hydrophobic organophosphorous pesticide (as a sim-
ple model: malathion) from aqueous solution. The
main goal is to assess the role of difference in the
hydrophilic–hydrophobic nature of the clay surface;
sometimes related to thermal treatment; in directing
the interaction between the adsorbate and the adsor-
bent. The study was carried out under different con-
ditions such as dose of adsorbent, concentration of
pesticide, time of contact, the type of medium, and
temperature.

2. Materials and methods

2.1. Materials

2.1.1. Malathion

An organophosphorous pesticide was selected. The
pesticide was s-1,2-bis (ethoxy carbonyl) ethyl o,o-
dimethyl phosphorodithioate (malathion) (Fig. 1). Its
molecular formula C10H19O6PS2 and formula weight is
330 g/mol. Water solubility = 145mg/L [5,8].

2.1.2. Adsorbents

AC was supplied by Adwic Co., General
Purposes Reagents G.P.R. Egypt. Bentonite was
Sigma-Aldrich (cation exchange capacity CEC=44.2
cmol kg�1 [14]), and kaolinite was Merck product,
Aluminum Silicate Hydroxide (�Al2Si2O5(OH)4),
CEC=12.9 cmol kg�1). The natural bentonite sample
(B1) was thermally treated for 2 h in a muffle fur-
nace at 550˚C to obtain B2. Similarly, the natural
kaolinite (K1) was thermally treated at 400 and 600˚C
to obtain K2 and K3, respectively [14,15].

2.2. Methods

2.2.1. Malathion solution

A 100lgmL�1 stock solution of malathion in dis-
tilled water was prepared. It was scanned at differ-
ent wavelengths (175–400 nm) using JENWAY 6405
UV/Vis, UK. Spectrophotometer. Different concen-
trations of malathion in distilled water were
obtained by dilution of the 100lgmL�1 stock. The
absorbance of these concentrations was measured at
k= 195 nm and the calibration curves were drawn
[5,8].

Calibration curves at k= 200 nm of malathion in
methanol (MeOH), 50% MeOH/aqueous mixture and
0.001M NaCl solution were prepared using the same
previous procedure Fig. 2.
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Fig. 1. Malathion: s-1,2-bis (ethoxy carbonyl) ethy o,o-
dimethyl phosphorodithioate.
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Fig. 2. Calibration curves of malathion in distilled water,
NaCl (0.001M), MeOH, and 50% aqueous/MeOH mixture
at natural pH.
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2.2.2. Adsorption studies

Effect of adsorbent dose. Different portions (0.03–0.15 g)
of each adsorbent were placed in a series of flasks
containing 50mL aqueous solution of malathion with
initial concentration 100lgmL�1 at natural pH (6.0).
The flasks were shaken on Vibromatic–384 at 300 rpm
at 18˚C for 1 h and left overnight for equilibrium. The
absorbance of residual concentration of malathion was
measured and the amount adsorbed by each adsor-
bent samples (qe, lmol g�1) was calculated according
to Eq. (1) [16]:

qe ¼ ðC0 � CÞ
m

� V

330
ð1Þ

where C0 and C are the initial and final concentration
of malathion (lg mL�1), respectively, V is the volume
of solution (L), m is the weight of adsorbent (g), and
330 is the molecular weight of malathion (g mol�1).

Effect of contact time. Portions of 0.03 g of studied
adsorbents were placed in a series of flasks. To each
flask, 50mL aqueous solution (100lgmL�1) of
malathion at natural pH (6.0) was added and were
shaken on Vibromatic–384 at 300 rpm at 18˚C. Five
milliliters of the solution were taken at different
time intervals (from 2.5min to 24 h). The absorbance
of residual concentration of malathion was measured
and the amount adsorbed by each adsorbent
samples (qe, lmol g�1) was calculated according to
Eq. (1).

Effect of initial concentration of malathion. Portions of
0.03 g samples of all adsorbents were placed in a ser-
ies of flasks containing 50mL of malathion solution
with different concentrations at natural pH (�6.0).
The contents of the flasks were shaken at 300 rpm and
18˚C for 6 h for AC, B1, B2, and for overnight for K1–
K3 samples. After equilibration, 5mL of the solution
were taken for the determination of residual concen-
tration of malathion using UV-spectrophotometer. The
amount adsorbed then calculated.

Effect of temperature. Portions of 0.03 g samples of K1
and K3 were placed in a series of flasks containing
50mL of malathion solution with different concen-
trations at natural pH (�6.0). The contents of the
flasks were shaken in a water bath at 300 rpm and
at 18˚C, 50˚C, and 60˚C for overnight. After equili-
bration, 5mL of the solution were taken for the
determination of residual concentration of malathion
using UV-spectrophotometer. The amount adsorbed
then calculated.

2.2.3. Desorption studies

Two grams of each adsorbent were loaded by mal-
athion through shaking for 1 h then soaking in mala-
thion solution (100 lgmL�1) overnight. The loaded
adsorbents were filtered off, washed by distilled water
and then dried at 40˚C for 2 h. The uptake value was
calculated. The loaded samples of AC, B2, and K3
were heated (in the atmospheric air) in a muffle fur-
nace at different temperatures (150, 250, 350, 500, and
650˚C) for 2 h. The uptake of malathion from aqueous
solution by heated samples (after desorption of mala-
thion) was calculated for the second run. The higher
desorption percentage was obtained for the regener-
ated sample at 500˚C. The sorption/desorption cycles
were repeated at 500˚C for four runs.

2.3. Instrumentation

Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) were applied in order to
observe the reactions taking place during the thermal
treatment of the K1 and malathion-loaded K3 samples
using Shimadzu DTA/TGA-50, Japan.

An X-ray diffractometer (XRD), SCINTAG/USA,
with Ni-filtered Cu Ka radiation, was used for deter-
mining the mineral contents of the K1–K3 samples
and the phase formation during calcination.

Fourier transform infrared (FT-IR) measurements
were used to characterize malathion, K1, K3, and mal-
athion-loaded K3 using FT-IR Nexeus-Nicolette Model
640-MSA. The dried samples were ground with KBr
and then compressed as pellets under hydraulic pres-
sure. The pellets obtained were oven dried again at
70˚C for 1 h and used for FT-IR measurements.

3. Results and discussion

3.1. Adsorption studies

3.1.1. Effect of adsorbent dose

Adsorption of malathion on the studied adsorbents
as a function of adsorbent dose was shown in
Fig. 3(a) and (b). The adsorption capacity of malathion
(lmol g�1) from aqueous solution decreases as the
solid/liquid (S/L) ratio increases (Fig. 3(a) and (b).
The highest value in the studied range was obtained
at 0.03 g/50mL S/L ratio, while the lowest one was at
0.15 g/50mL S/L ratio. As the solid weight increases
in solution, the suspended particles increase and may
coagulate and/or agglomerate. So, the available sur-
face area exposed to adsorbate decreases despite of
increasing weight and hence the adsorption capacity
of adsorbate decreases [17].
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3.1.2. Effect of time

The removal of malathion in aqueous solution by
different adsorbents increases with increasing time
of contact till reach equilibrium after 6 h for AC, B1
and B2, and overnight for K1–K3 samples. Fig. 4(a)
and (b) indicates that the calcined clay samples, K2,
K3, and B2 have higher adsorption capacity (compa-
rable with AC) than that of the noncalcined K1 and
B1.

3.1.3. Effect of concentration

Adsorption isotherms of malathion in aqueous solu-
tion on the studied adsorbents are shown in Fig. 5(a) and
(b). The adsorption capacity values (lmol g�1) of mala-
thion increased in the order B1<B2<K1<K2<K3<AC.
For B1, K1, K2 and K3, as the malathion concentration
increases in solution, its adsorption capacity increases
steadily and before the plateau completion a second
increase in the adsorption capacity value occurs.

It was previously established that calcination of
clay minerals improves their surface hydrophobicity
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Fig. 3. Effect of adsorbent dose on the adsorption of
malathion from aqueous solutions at Ci= 100 lgmL�1,
equilibrium time 24h, pH 6, and at 18˚C (error bars
represent the standard deviation of three replicates). (a) By
AC, B1, and B2, (b) by K1, K2, and K3 ⁄ from a previous
study [17].
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Fig. 4. Effect of contact time on the adsorption of
malathion from aqueous solutions at Ci= 100 lgmL�1, pH
6, and at 18˚C. (a) By AC, B1, and B2, (b) by K1, K2, and
K3 ⁄ from a previous study [17].
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(CEC values of kaolinite samples decreased by ther-
mal treatment, 7.13 and 4.88 cmol kg�1 for K2 and K3,
respectively) [18,19]. So, better hydrophobic interac-
tion expected to occur among the partially hydropho-
bic malathion molecules, as being sparingly soluble in
water, and calcined clay surfaces. At low concentra-
tion, adsorbate molecules may interact individually
with the clay particles surface. At higher concentra-
tion, adsorbate–adsorbate interactions at the surface
may occur, due to crowded hydrophobic molecules,
forming a second layer of adsorbate. The aqueous
medium improved this behavior, i.e. thermal treat-

ment of clay improved the removal of malathion from
aqueous solution.

Same trend was observed in the electrolytic aque-
ous medium (0.001M NaCl solution) and aqueous–
organic mixed medium (50% aqueous/MeOH solu-
tion) Fig. 6(a) and (b). In a pure organic medium
(MeOH), no adsorbate–adsorbate interaction occurred
at higher concentration [17]. Good solvation (separa-
tion) of the hydrophobic adsorbate molecules prevents
the formation of second layer of adsorbate. Also, no
observed difference in adsorption capacity values
between calcined K3 and noncalcined K1 samples and
maximum adsorption capacity corresponds to the
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Fig. 5. Adsorption isotherms of malathion in aqueous
solutions at pH 6 and at 18˚C (error bars represent the
standard deviation of three replicates). (a) By AC, B1, and
B2, (b) by K1, K2, and K3 ⁄ from a previous study [17].
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Fig. 6. Adsorption isotherms of malathion on K1 and K3 at
natural pH 6 and 18˚C: (a) in 50% aqueous/MeOH
solution, (b) in 0.001M NaCl solution.
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monolayer adsorption (141.3 lmol g�1) [17]. The
hydrophobicity improved by calcination disappeared
in the pure organic medium.

Fig. 7 is a comparison between the adsorption
isotherms of malathion in aqueous solution for AC at
18˚C, and for K1, and K3 at 60˚C. According to Giles
classification system, the shape of the isotherm can be
used to classify the adsorption mechanism [20]. It was
observed from Fig. 7 that; at 60˚C, the monolayer por-
tion of the isotherms disappears and the multilayer
portion is predominant, which is almost the same
trend observed for the adsorption of malathion by
AC. A difference still exists between the calcined K3
and the noncalcined K1 samples. The continuous
increase in the adsorption capacity may indicate an
endothermic process which involves one or more
mechanism:

(i) Multilayer adsorption of malathion species on the
clay surface, and/or

(ii) Coagulation of the clay particles carrying the
adsorbate molecules forming aggregates [20–23].

3.2. Modeling of malathion adsorption by kaolinite

3.2.1. Kinetics

The adsorption data of malathion by AC, B1, B2,
K1, K2, and K3 in Fig. 4 were treated according to the
pseudo-first and pseudo-second-order kinetics, Eqs.
(2) and (3), respectively [24]:

log½qt � qe� ¼ log qmax � kads t

2:303
ð2Þ

where qe and qt refer to the adsorption capacity of
malathion (lmol g�1) at equilibrium and at time t
(min), respectively and kads is the overall rate constant
of pseudo-first-order reaction. Plotting log[qt� qe] vs. t
(min) gives a straight line with a slope =�(kads/2.303)
and intercept log qmax.

t

qt
¼ 1

k2q2e

� �
þ t

qe

� �
ð3Þ

where k2 (g mmol�1min�1) is the overall rate constant
of the pseudo-second-order kinetics.

It is obtained from the slope and intercept of
the straight line of (t/qt) vs. t (min). The kinetic
parameters of the studied adsorbents are listed in
Table 1.

For kaolinite samples, the rate constant values
have increased in the direction of increasing the calci-
nation temperature. The validity of pseudo-first-order
model for malathion adsorption implies that one term
affects the rate of reaction, either adsorbate concentra-
tion or surface properties.
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Fig. 7. Adsorption isotherms of malathion in aqueous
solution at natural pH by AC (at 18˚C), K1, and K3 at 60˚C.

Table 1
Kinetic data for the adsorption of of malathion by different adsorbents

Adsorbent Exp. qmax (lmol/g) qe (lmol/g) K⁄,⁄⁄ R2

Charcoal⁄⁄ 354.8 368.8 0.0004 0.994

B1⁄⁄ 188.13 195.67 0.0008 0.998

B2⁄⁄ 282.32 281.40 0.0003 0.999

K1⁄ 311.87 334.97 0.0018 0.949

K2⁄ 356.06 342.17 0.0028 0.995

K3⁄ 362.37 353.19 0.0030 0.999

⁄Pseudo-first-order, kads (min�1).
⁄⁄Pseudo-second-order, k2 (g lmol�1 min�1).
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The hydrophobic interaction and bilayer adsorp-
tion suggestion may refer to the formation of specific
aggregated structures of adsorbate–adsorbent compos-
ites. Hence, intraparticle diffusion may occur.

The adsorption capacity time data were treated
according to the intraparticle diffusion Eq. (4). [25–27]:

qt ¼ Xi þ Kdif t
0:5 ð4Þ

where Xi is the external film resistance (the boundary
layer diffusion effects); Kdif is the intraparticle diffu-
sion rate constant (lmol g�1 min�0.5). When the
adsorption system involves an intraparticle diffusion
step, plotting qt against t

0.5 gives a straight line with a
slope and an intercept representing Kdif and Xi,
respectively. As the value of Xi decreases the effect of
external film resistance on the reaction rate decreases
[25–27].

According to Table 2, the kdif values for the K2
and K3 samples were lower than that of K1, i.e. the
rate of diffusion was faster for K1 than for calcined
samples. The effect of the external film resistance on
the adsorption rate increased in the order K1<K2<K3
in aqueous medium as indicated by the positive val-
ues of Xi.

Therefore, the rate of malathion adsorption by cal-
cined samples is mainly controlled by the intraparticle
diffusion as a diffusion in the boundary layer. The fas-
ter rate of diffusion and the lower external film resis-
tance for K1 may be related to its hydrated surface
before calcination (hydrophilic nature). Water mole-
cules at the surface of the clay may play an important
role in the retention of malathion molecules at the
hydrophobic adsorption sites (silane Si–O) on the clay
surface.

One suggested mechanism is the formation of
Water Bridge through H-bonding between the clay
surface and the electron rich side of malathion mole-
cule containing O, S, and P atoms. The FT-IR spectral
analysis of malathion-loaded K3 may support this
concept.

For bentonite clay mineral, same trend still exists.
But the Kdif values are lower than those for kaolinite.
In addition, the values of Xi are greater than those for
kaolinite. The higher concentration of counter ions on
B1 surface (higher CEC value than kaolinite) may
increase the effect of external film resistance which, in
turn, affects the rate of interaction between malathion
molecules and adsorbent surface [25–27].

3.2.2. Freundlich model

Data of malathion adsorption capacity by different
adsorbents (Fig. 5) were treated by Freundlich model
for adsorption Eq. (5) [24]:

Cs ¼ KFC
nF
eq

logCs ¼ logKF þ nF logCeq ð5Þ

where Cs is the amount adsorbed of malathion (lmol
g�1), Ceq is the equilibrium concentration (lM), KF

[(lmol g�1)(L lmol�1)] and nF are Freundlich parame-
ters obtained from the intercept and slope of the
straight line of logCs vs. logCeq. Their values are
listed in Table 3.

The values of affinity constant, KF, followed the
order AC>K3>B2>K2>B1>K1, i.e. the affinity
between adsorbate and adsorbent surface was greater
for the modified clay minerals (although their slower
intraparticle diffusion rate) than the nonmodified miner-
als. This confirms the improved hydrophobicity of the
calcined surface through thermal treatment and the
enhanced hydrophobic–hydrophobic interaction
between malathion molecules and calcined surface sites.

The nF values followed the order
AC<B2<K3<B1<K2<K1. All values of nF > 1, indi-
cating an S-type isotherm (cooperative process, may
be multilayer adsorption, i.e. adsorbate–adsorbate

Table 2
Intraparticle diffusion parameters for the adsorption of
malathion by different adsorbents

Adsorbent Kdif (lmol g�1 min�0.5) Xi R2

Charcoal 11.99 215.29 0.897

B1 6.62 114.41 0.977

B2 3.44 196.80 0.784

K1 11.06 �56.32 0.913

K2 9.60 29.41 0.914

K3 10.09 25.79 0.923

Table 3
Freundlich parameters for the adsorption of malathion by
different adsorbents

Adsorbent KF (lmol/g)
(L/lmol)

nF R2

Charcoal 10.54 1.02 0.946

B1 2.86 � 10�1 1.30 0.938

B2 1.27 1.07 0.998

K1 3.22 � 10�6 3.86 0.829

K2 3.88 � 10�1 1.47 0.972

K3 2.35 1.11 0.955
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interaction at the surface) [22–26]. The values of the
modified samples were closer to the 1 value than the
nonmodified samples. The minimum value of AC

(1.02) is near the C-type isotherm (coagulative process,
may be aggregates formation, i.e. adsorbent–adsorbent
particles interaction).

Fig. 8. FT-IR spectra for malathion, K1, K3, and malathion-loaded K3.
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4. Characterization of kaolinite

4.1. Thermal decomposition

The TGA analysis of K1 exhibits main changes
during heating of the natural K1. A number of weight
losses near 350 and 600˚C and above 600˚C. The first
loss can be assigned to a low temperature release of
adsorbed water on surfaces, in the pores, in the bulk
of kaolinite particles, and in the channels that are
attached to the sides of the silicate units. The loss of
such adsorbed water is more gradual and may persist
continuously to temperatures higher than 100–150˚C.
Weight loss due to a predehydration process first
occurring at the –OH of the surface can occur up to
�400˚C. It may be a result of reorganization in the
octahedral layer, dehydroxylation of kaolinite, and
formation of meta kaolinite (� 400–650˚C). In the
metakaolinite, the Si–O network remains largely intact
and the Al–O network reorganizes itself [12,13,17].

4.2. Mineralogical characterization of thermally treated
kaolinite samples

The XRD patterns of K1 indicate well crystalline
kaolinite mineral. On calcinations, the crystallinity
decreased and disordered metakaolinite has been
formed at 600˚C. During calcinations, aggregate struc-
tures may be formed by partial fusion of particles due
to the presence of low temperature fusing materials
[12,13,17].

4.3. FT-IR spectral analysis

In Fig. 8, the spectrum of K1 indicates characteris-
tic bands of kaolinite mineral at �3,696, 3,621, 1,100,
1,033, 1,007, 913, 699, 538, 470, and 429 cm�1. Bands of
large intensity at region (3,690–3,620 cm�1) represent
well-crystallized kaolinite [12,13]. Weak bands in the
spectrum of K3 indicate less ordered sample due to
thermal treatment.

In the spectrum of malathion-loaded K3, a high inten-
sity broadband covered the region 1,062�1,219 cm�1 that
indicates a high concentration of Si�O and P�O�C

moieties. Weak bands at 1,458, 1,702, 2,341, 2,369 and
2,929 cm�1 correspond to �CH2, �C=O, �S�H and
�C�H (stretch), respectively. Weak broadbands at 3,449
and 3,576 cm�1 may be an indication on the hydroxyl
groups of H-bonded water bridge. Minor bands at the
region 3,623–3,695 cm�1 are for free –OH. Characteristic
bands in the region 1,375–1,465 cm�1 related to –CH3 and
–CH2 groups of malathion spectrum were almost absent
in the spectrum of malathion-loaded K3.

5. Desorption studies

The adsorption capacity values of malathion by
the studied adsorbents after their regeneration by
thermal treatment at 500˚C are listed in Table 4. The
removal efficiency of adsorbents (except B2) started to
decrease after the 3rd run.

The temperature 500˚C was an optimum one for
the regeneration of the studied adsorbents as indi-
cated by Fig. 9. This is due to the adsorbed malathion
completely decomposes before 500˚C as indicated by
the TGA analysis of malathion-loaded K3.

Table 4
Regeneration of the studied adsorbents at 500˚C

Adsorbent Exp. qmax (lmol/g) 2nd run of regeneration 3rd run of regeneration 4th run of regeneration

AC 436.00 466.15 432.55 189.91

B1 188.13 352.27 346.10 203.27

B2 282.32 329.83 193.87 173.61

K1 311.87 346.59 341.29 178.95

K3 362.37 396.29 364.47 213.34
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Fig. 9. Regeneration of loaded AC, B2, and K3 as a
function of temperature.
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6. Conclusion

Effect of calcinations of kaolinite clay mineral on
its capacity and efficiency in the removal of malathion
from aqueous solution was studied at its natural pH.
AC and bentonite were included for comparison. The
results obtained indicated that the thermal treatment
is a promising method for improving the surface
hydrophobicity of the clay mineral without any
organic treatment. The calcined kaolinite samples
showed greater capacity (qmax), faster rate (kads), and
higher affinity towards the hydrophobic adsorbate
(malathion) over bentonite samples. So, thermally
treated kaolinite can be used as an effective adsorbent
for the removal of some organic pollutants such as
pesticides and petrochemicals without need for any
organic modification when they are similar to mala-
thion in its adsorption behavior.
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