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ABSTRACT

The present work explores sorption behavior of calix[4]arene based silica resin to remove « and (3 endo-
sulfan isomers from aqueous solution. The efficiency of resin was checked through both batch and column
sorption methods. In both methods, the sorption parameters, i.e. pH, equilibrium time, shaking speed and
sorbent dosage were optimized as 2, 60 min, 125 rpm and 50 mg, respectively. Freundlich and Langmuir
sorption isotherm models were applied to validate the sorption process. The data obtained in both mod-
els reveal that the sorption is favorable. Column sorption data were analyzed through Thomas model
to calculate kinetic coefficient kty and maximum sorption capacity g, of the resin, which were found to
be 6.18 and 5.83 cm® mg~! min~' as well as 1.11 and 1.08 mgg~' for a and 3 endosulfan, respectively.
Kinetics of sorption shows that it follows pseudo second order rate equation. The optimized method has
also been applied to real water samples and the results show that calix[4]arene based silica resin is an
effective sorbent to remove endosulfan from waste waters.

Freundlich and Langmuir isotherms
Kinetics

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Persistent organic pollutants (POPs) are considered as sub-
stances which posses strong resistance to photolytic, chemical and
biological degradation. They are semi-volatile, highly toxic, per-
sistent and travel long distance through air and water. They have
low solubility in water but high solubility in fats therefore; they can
bio-accumulate in fatty tissues. Semi-volatility of these compounds
enables them for long range transport in the atmosphere. This leads
to contamination of water, soil and agriculture products [1].

Endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-
6,9-methano-2,4,3-benzo-dioxathiepine-3-oxide) is an
organochlorine pesticide. It is used as an insecticide under
different trade names like thiodan, thionex, endosan, endosulfan,
etc. This pesticide is used for various crops in developing coun-
tries like Pakistan, India, Bangladesh, etc., in order to enhance
agriculture production. Due to its dangerous effects for human
and environment such as accumulation in fatty tissues, long range
transport, difficult to degrade, long half life of isomers and its
degradation products (greater then 2 months in water and greater
then 6 months in soil) [2]. United Nations Environmental Protec-
tion Agency (UNEPA) classified endosulfan highly toxic [3] while
WHO consider endosulfan as a moderately hazardous [4] pollu-
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tant. According to Pesticide Action Network (PAN) International
endosulfan fulfills the requirement of persistent organic pollu-
tants (POPs). Therefore, it is proposed to be listed in Stockholm
Convention [5]. Recently, it was observed that endosulfan isomers
(Fig. 1) can cause endocrine disruption in both terrestrial and
aquatic organisms. Excessive and improper applications can cause
physical disorder, mental disturbance and death in farm workers,
particularly in developing countries [6]. A global ban on the use
and manufacturing of endosulfan is being considered through
Stockholm Convention on persistent organic pollutants (POPs) [7].
WHO recommended limit of single pesticide is 0.1 pg dm~3, while
for total amount of pesticide it is 0.5 wg dm=3 [8].

Various methods have been utilized to remove endosulfan and
related environmental pollutants from water such as biodegrada-
tion through Aspergillus sydoni [9], bionitrification and sand filter
system [10], anaerobic-membrane bioreactor technology [11].
Removal of endosulfan from water using sorption methodology
is current area of research due to its simplicity and effectiveness.
Various sorbents such as Sal wood char coal [12], natural organic
substances [13], wheat straw [14], peach-nut shells [15], and car-
bon slurry [16] are reported. However, very few synthetic sorbents
are reported in the literature for the removal of pesticides from
water such as mesoporous cyclodextrin-silica nanocomposite [17],
pore expanded mesoporous silica [18] and chitosin based molecu-
larly imprinted polymers [19].

Calixarenes are a class of synthetic cyclo-oligomers possessing
cup like shape with defined upper and lower rim and central annu-
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Fig. 1. Molecular structure of o and 3 endosulfan.

lus. Its upper and lower rim can be functionally modified to form
various derivatives to function as guests for various toxic metals
or neutral molecules [20] such as Pb(II), chromium(VI), arsenic(V),
carcinogenic aromatic amines, amino acid derivatives and azodyes
from aqueous systems [21-23]. The immobilization of calixarene
moiety onto the polymeric support enhances the sorption capac-
ity of the resin [24-26]. Present work deals with the investigation
of sorption efficiency of synthesized calix[4]arene based silica resin
through batch and column sorption methods to remove endosulfan
from aqueous system.

2. Materials and methods
2.1. Reagents

All reagents/solvents used for the synthesis and preparation of
solutions were of analytical grade. Analytical thin layer chromatog-
raphy (TLC) was performed on precoated silica plates (SiO5, PF354).
The pH (2-12)was adjusted through 0.1 M HCI/NaOH solution using
pH meter. Standard endosulfan was purchased from Bayer Pesti-
cides Company, Pakistan with 99% purity. Silica (240-400 mesh)
was obtained from Fluka Germany. p-tert-Butylcalix[4]arene was
synthesized according to previously reported method [27,28]. All
solutions were prepared in double distilled deionized (DDI) water,
which has been passed through Millipore Milli-Q Plus water purifi-
cation system (Elga model classic UVF, UK).

2.2. Instrumentation

FT-IR spectra were recorded on a Thermo Nicolate 5700 FT-IR
spectrometer as KBr pallets. Melting point was determined through
Gallenkamp melting point apparatus model MFB, 595, 010M, Eng-
land. The % sorption was calculated from differences of detector
response of GC WECD (Agilent 7890 A system, USA). The pH was
measured with Inolab pH 720 (Germany) with glass electrode and
internal reference electrode. A Gallenkamp thermostat automatic
mechanical shaker model BKS 305-101, UK was used for batch sorp-
tion study. A glass column (16 cm x 6 mm) was used for column
sorption study.

2.3. Immoblization of p-tert-butylcalix[4]arene on silica

The process of immobilization was carried through previously
reported procedure [29] with slight modifications. Silica (10 g) was
dried at 200°C in vacuum oven at 30 Torr, and then 25 cm3 of 1M
solution of silicon tetrachloride in dry dichloromethane was added.
Reaction mixture was made alkaline (in order to deprotonate the
OH groups) by adding 3 cm? of triethylamine (cloudy mixture was
obtained) and mixture was kept at room temperature for 18 h. Sol-
vent was removed through rotary evaporator to get white powder.
A3 gof p-tert-butylcalix[4]arene was dissolved in toluene (30 cm?3),
white powder was added to it, and 10 cm? of triethylamine was
added to this solution, and was refluxed for 50 h. The reaction was
operated through IR.

2.4. Sorption procedure

2.4.1. Batch sorption study

Batch sorption study of endosulfan on calix[4]arene based silica
resin was carried out at room temperature. A 10 cm?® of 0.3 pgcm—3
endosulfan solution at pH 2 was taken in glass stoppered bottle. A
50 mg of resin was added to it and was shaked on the horizontal
shaker for an equilibrium time (60 min) at 125 rpm. The solution
was filtered through Whatmann filter paper (0.45 mm). The % sorp-
tion was calculated through following equation:

. Hi-H
%Sorption = g X 100 (1)

1
H; and Hy are peak heights before and after the sorption, respec-
tively. Same equation was used to calculate % sorption of pure silica
as well. Maximum batch sorption capacity Q of modified resin was
calculated through following Eq. (2) [30]:

V(Co - Cf)
= (2)

where C, and C; are the initial and equilibrium concentrations of
endosulfan in water (mgdm~3), Vis volume of solution (dm3), M is
mass of sorbent (g).

2.4.2. Column sorption study

Glass column for dynamic sorption experiments was prepared
as follows. Column diameter size filter paper was inserted at the
bottom followed by glass wool, then 50 mg of resin was placed in
the column, finally filter paper was placed on the top of resin so as to
prevent any loss of resin. Sorption efficiency of resin was calculated
by passing 0.3 mg dm~3 of endosulfan solution at pH 2 at flow rate
of 1cm3 min—1.

The area under the breakthrough curve (A) obtained by inte-
grating the sorbed concentration Cs (mgdm~3) versus t (min) plot
can be used to find total sorbed endosulfan quantity qo, (mMg) in
the column for a given feed concentration and at given flow rate by
using Eq. (3):

QA Q t=tiotal

Qtotal = 1000 ~ 1000 Y Cags dt (3)

Total amount of endosulfan isomers sent to column my,,; is calcu-
lated from Eq. (4):

CoQttotal

4

1000 )

Total percent removal of endosulfan from water through column

(column performance) can be calculated from total sorbed quantity

of endosulfan gy, to the total amount of endosulfan sent to column
Myoral EQ. (5) [31]:

Total%removal = JtL . 100 (5)
Miotal

Miota] =

2.4.3. Extraction and analysis of endosulfan

The aqueous filtrate was extracted through liquid-liquid par-
tition method using 1:1 mixture of ethyl acetate and n-hexane in
50 cm?3 separating funnel. During extraction, separating funnel was
shaked for 5 min and placed for 5 min followed by the collection of
upper organic layer in 25 cm? conical flask. Before injecting organic
phase into GC, traces of water were removed through anhydrous
sodium sulfate. Sample was filtered through Whatman filter paper
(0.45 pm) followed by the injecting of sample (2 pL) in GC-ECD
instrument. Instrumental conditions were set as; injector tempera-
ture 250 °C with split ratio of 50 capillary column HP-5 from Agilent
with 0.25 mm diameter and 60 m length; temperature program-
ming initial oven temperature 70°C hold for 1 min, with run time
25°Cmin~!till 280°C, while detector was set at 320 °C and nitrogen
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Fig. 2. FT-IR spectra: (A) pure silica and (B) silica immobilized with calix[4]arene.

was used as carrier gas at flow rate of 3 cm3 min—!. Under these con-
ditions total run time was 14.4 min, while retention time of o and
3 endosulfan was found as 9.717 min and 10.203 min, respectively.

3. Results and discussion
3.1. Characterization

3.1.1. FT-IR

The immobilization of calixarene onto silica was confirmed
through FT-IR spectroscopy. Fig. 2 shows that some additional
bands appearin the spectra of pure silica, such as, stretching band at
2956 cm~! indicate the presence of -CH3 group while at 1633 cm™!
show the presence of substituted benzene and at 1482 cm~! indi-
cate the presence of substituted carbon. These peaks show that
calix[4]arene get immobilized on the surface of silica.

3.1.2. SEM study

A morphological change on the surface of silica was observed
through scanning electron microscope. Fig. 3(a) shows that the
surface is smooth, while in Fig. 3(b) formation of some cracks and
trough indicate that calix[4]arene immobilized to the silica surface.
Fig. 3(c) shows that some wrinkles on the modified surface, which
may be due to the sorption of endosulfan isomers.

3.2. Sorption studies

Endosulfan exists in two isomeric forms as a- and 3-endosulfan.
In given GC conditions, the two forms can be well separated and
quantified down to trace levels by using WECD as detector. This
facilitates to examine the sorption behavior of calix[4]arene based
resin toward the two isomeric forms of endosulfan.

(b)

€
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Fig. 4. Effect of pH on endosulfan uptake.

3.2.1. Effect of pH

The change in the pH of solution will change the properties of
pesticide molecules as well as sorbent active sites [32]. The effect
was observed from pH 2 to 12 using solution of constant concen-
tration with shaking speed 125 rpm (Fig. 4). The plot shows that %
sorption is higher at pH 2; it may be due to the calixarene molecule
which attracts protonated endosulfan through cation-1r interaction
[33]. The sorption is lowest at near neutral pH region; this may be
due to just intermolecular interaction between resin and endosul-
fan, while at more basic pH free phenolic groups are deprotonated,
which may have some interaction with endosulfan molecule along
with r-structure of calixarene moiety. The effect of pH on sorp-
tion of endosulfan on calixarene based silica resins seems to be a
phenomenon governed by multitude of effects.

3.2.2. Effect of concentration of pesticides

Effect of concentration of endosulfan solution on % sorption was
observed by diluting stock solution up to 0.05 mgdm~3 concentra-
tion at pH 2. Fig. 5 shows that with the decreasing concentration %
sorption increases, which is due to the presence of fixed number of
sorption sites for the host molecule.

3.2.3. Effect of contact time

Effect of contact time on the sorption of endosulfan was
observed for an agitation time from 20 to 120 min. Equilibrium
time was observed by shaking endosulfan solution at pH 2 in
50 cm? stoppered bottle using 20 mg of resin at the shaking speed
of 125 rpm. Fig. 6 shows that % sorption increases with increasing
contact time, and attains maximum value at 60 min; after that %
sorption remain almost constant. Hence, further study was done at
an optimized time of 60 min.

3.2.4. Effect of shaking speed
Sorption of o and 3 endosulfan was observed at pH 2 for an equi-
librium time (60 min) at room temperature using 20 mg of resin

SkV X950  20pm

Fig. 3. (a) SEM micrograph pure silica; (b) SEM micrograph of immobilized silica resin; (c) SEM micrograph of immobilized silica after sorption.
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Fig. 5. Effect of concentration on endosulfan uptake (experimental conditions:

sorbent dosage 0.02g/10cm? at pH 2, contact time 100 min with shaking speed
125rpm).
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Fig. 6. Effect of contact time on endosulfan uptake (experimental conditions: sor-

bent dosage 0.02 g/10 cm? at pH 2 with shaking speed 125 rpm using 0.3 mgdm—3
pesticides concentration).

from 25 to 150 rpm (Fig. 7). Results show that % sorption increases
with rise in shaking speed and attains maximum value at 125 rpm,
therefore, further studies were done at an optimized shaking speed.

3.2.5. Effect of sorbent dosage
Amount of sorbent dosage required for the maximum sorption
of a and 3 endosulfan was studied at room temperature under opti-

—«&— o-endosulfan  —A— B-endosulfan

100 A
90 1
80

70 A

% Sorption

60

50 T T T T T T 1
0 25 50 75 100 125 150 175

Shaking speed (rpm)

Fig. 7. Effect of shacking speed on endosulfan uptake (experiment conditions: sor-
bent dosage 0.02 g/10cm? at pH 2 using 0.3 mgdm~3 pesticides concentration for
60 min contact time).
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Fig. 8. Effect of sorbent dosage on endosulfan uptake (experimental conditions:
0.3mgdm~3 pesticides concentration at pH 2 for 60 min using 125 rpm shaking
speed).

mized conditions as shown above and at constant concentration of
0.3mgdm3. It was observed that with increase of sorbent dosage
sorption was increased due to more active surface area to adsorb
external particles and attains maximum value at 50 mg of resin
(Fig. 8). Results show that 50 mg are sufficient to uptake maximum
amount (98-99%) of a and 3 endosulfan from aqueous system.

Using these optimized conditions sorption efficiency of pure sil-
ica was checked. Results show that pure silica sorbs (40-45%) of o
and 3 endosulfan from water. Therefore, it may be assumed that
further sorption of endosulfan is due to the presence of calixarene
cavity on the surface of silica.

3.3. Sorption isotherms

Various isotherms are used to determine the relationship
between amount of substance adsorbed as a function of concentra-
tion in bulk solution at given temperature and under equilibrium
conditions. From these isotherms Freundlich and Langmuir are very
prominent to explain the nature of sorption [34]. The sorption
data have been subjected to Freundlich and Langmuir isotherms
to investigate nature of sorption of endosulfan on calixarene based
resin.

3.3.1. Freundlich model

A multilayer sorption can be explained through this model, this
involves the distribution of active sites that is the characteristic of
heterogeneous surfaces. Eq. (6) is a linear form of this isotherm:

1
log C.qs = Cim + ElogCe (6)

1/n is sorption intensity, C,qs is an adsorbed concentration
(molg-1), C. is an equilibrium concentration (moldm=3) and Gy,
is multilayer sorption capacity.

A plot of log C,4s versus C. exhibit straight line, with slope 1/n
and intercept Gy, (Fig. 9)

3.3.2. Langmuir isotherm

This model is first quantitative theory of sorption involve the
sorption takes place on the fixed number of sorption sites confined
to mono molecular layer with no transfer of sorbate on the plane
of surface. Data of sorption of endosulfan on calixarene based silica
resin were fitted in the Langmuir isotherm linear form of Langmuir
model used for analysis of sorption data:

G _1,C
Cads Qb Q

(7)
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Fig. 10. Langmuir isotherms of (a) and (b) endosulfan.

Q is monolayer sorption capacity (molg-1), b is an enthalpy of
sorption (moldm~3), C,4 is sorbed concentration (molg-1), and
C. equilibrium concentration (mol dm=3).

A plot of C./C,qs versus C exhibit straight line with slope 1/Q
and intercept 1/Q, (Fig. 10).

From the value of Langmuir constant b, a dimensionless param-
eter, called separation factor R; was calculated through following
equation:

1

R =175

(8)

b is a Langmuir constant (dm3 mol-1).

The magnitude of sorption isotherm constants, gives an indi-
cation of favorability and unavoidability of sorption process. The
values of constants obtained from both the sorption models are
given in Table 1. The value of sorption intensity (1<n<10) indi-
cates that sorption is favorable [35]. The corresponding value of n
or the sorption of endosulfan isomers on calixarene based resin is
3.83 and 2.59, respectively, which show that the sorption is favor-
able. Moreover, calculated value of R; is <1, which also indicates
favorable sorption of endosulfan. In addition, Table 1 shows that the
value of Gy, is higher then Q, which indicate that sorption of endo-
sulfan favors the Freundlich isotherm, along with this, the value of
R? is higher in Freundlich then in Langmuir model.

Table 1
Isotherm constants and values of R? for isomers of endosulfan on calixarene based
silica resin.

Isotherm Isotherm parameter a-Endosulfan B-Endosulfan
Freundlich Cm (mmolg') 0.0107 0.103

1 0.261 0.3851

R? 0.916 0.992
Langmuir Q(nmolg1) 200 200

b (moldm—3) 9.6 x 107 1.11 x 107

R? 0.91 0.94

3.4. Column sorption

The efficiency of column is described through the concept of
breakthrough curve. The position of curve depends upon solution
concentration and flow rate. The breakthrough curves show the
loading behavior of endosulfan to be removed from aqueous solu-
tion in a fixed bed and is usually expressed in terms of sorbed
endosulfan concentration (C;), inlet endosulfan concentration (G;)
and outlet endosulfan concentration (C;) or normalized concen-
tration defined as the ratio of effluent endosulfan concentration
to inlet endosulfan concentration (C;/C,) as a function of time or
volume of effluent.

The optimized conditions set for the batch sorption study were
also used in column at flow rate of 1 cm3 min—! to remove endosul-
fan (0.3 mg dm~3) from water through calixarene based silica resin
(50 mg). Break through volume was calculated from plot of C;/C;
versus V (cm?3). Fig. 11 shows that column achieved breakthrough
at C¢/C;=0.21 and 0.22 for « and 3 endosulfan, respectively, with
bed volume of 5 cm? and took approximately 25 cm? to exhaust.

Under optimum conditions, column performance of sorbent was
calculated using Eq. (5) and found to be 87% and 88% for a and (3
endosulfan, respectively.

3.5. Thomas model

Successful design of column requires the knowledge of con-
centration time profile or breakthrough curve for effluent and
maximum sorption capacity. Thomas model is one of the most com-
monly used methods to describe the column sorption data. This
model assumes Langmuir Kinetics of sorption—-desorption and no
axial dispersion is derived with sorption that the rate deriving force
obeys second order reversible reaction kinetics [36]. Column sorp-
tion data were fitted to Thomas model to determine the Thomas
rate constant (kpy) and maximum solid-phase concentration (qo).
The model has following linear form:

ln( )

G _
C

_ kmgoA  kmGo

0 Q 9)

Vet
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Fig. 11. Break through curve of (a) and (b) endosulfan.

Co is initial concentration of endosulfan (mgdm=3), C is the
effluent concentration (mgdm=3), kqy is Thomas model rate con-
stant (cm®> mg~! min—!), g, maximum solid phase concentration
of solute (mgg~1), A is the amount of material sorbed (mg), Q is
flow rate (cm> min~1), and Ve is effluent volume (cm3). Ve can be
calculated from following equation:

Veff = Qttotal

Qis flow rate (cm® min—1) and t;,,; stands for maximum flow time
(min).

Thomas model rate constant kty (6.18, 5.83) and g, (max-
imum solid phase concentration) of solute (1.11, 1.08) with
coefficient of determination RZ (0.905, 0.979) for a and B
endosulfan, respectively. These constants were calculated from
the plot of In((Cy/C)—1) against t (min) at constant flow rate
(Fig. 12).

Thomas model suggests that a column can uptake 1.11 and
1.08mgg~! of a and B endosulfan if operated at 6.18 and
5.83cm~3 min—1.

3.6. Kinetics of sorption

Efficiency of sorption process can be evaluated through the
kinetics study of process. Lagergreen [37] and Ho [38] kinetic
equations were used to examine the experimental data which con-
sidered that sorption is either pseudo first order or pseudo second
order reaction, respectively.

Pseudo first order rate constant was determined through fol-
lowing equation:

k] t
log(ge — qr) = 10gge — 5552 (10)
@ o-endosulfan A B-endosulfan
2 o
1.5 4
T 1
Q
<}
S
= 0.54
—
0 1
40
-0.54

t (min)

Fig. 12. Plot of In((Co/C)—1) vs. t.

ge and q; are the amount of endosulfan sorbed (mgg~1) at equilib-
rium and at time ¢ (min), respectively, and k; (min~1) is the first
order rate constant.

Fig. 13 shows the kinetic study of a and 8 endosulfan on the
resin, under optimized conditions, while evaluating the effect of
agitation time on % sorption. Langergreen plot of log(q. — q;) versus
agitation time t (min) exhibit straight line with co-efficient of deter-
mination (R?) values 0.511 and 0. 477, for o and 8 endosulfan,
respectively.

Data was investigated through pseudo second rate mode given
by Ho and McKay.

Pseudo second order rate equation:

t 1 t

_ 1 11
a kg2 Qe (an

Fig. 14 shows plot of t/q; versus t exhibit straight line with (R?)
value for a endosulfan is 0.991 and for 3 is 0.994, from which it

& o-endosulfan A P-endosulfan
0 T T T T T T |
20 40 60 80 100 120 140

24
-3 1 A A
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4
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Fig. 13. Langergreen plot for alpha and beta endosulfan.
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Fig. 14. Ho and McKay plot for alpha and beta endosulphan.
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Table 2
Amount found and percent removal of « and 3 endosulfan from real water samples
with calix[4]arene based silica resin.

Sample Amount found % Removal
a endosulfan 3 endosulfan a endosulfan B endosulfan
(mgdm~?) (mgdm~?)

A 2.67 2.52 89.6 92.2

B 5.08 493 91.9 94.1

was concluded that sorption of endosulfan follows pseudo second
order Kkinetics.

3.7. Sorbent regeneration

For regeneration studies, 10 cm? of 0.3 mgdm~3 of a- and -
endosulfan was sorbed on 0.05 g of resin. Sorbent was regenerated
by shaking with 5 cm? of 1:1 mixture of n-hexane and ethyl acetate
for 10 min. Sorbent efficiency of resin for % recovery was checked
for 5 cycles. Percent recovery of resin was found 89.68 +4.03% and
84.38 £7.9 for a and 3-endosulfan, respectively (Fig. 15).

3.8. Application of proposed method

The proposed method was applied to agriculture run-off water
samples. Water samples were collected from two different areas
of district Matiari, Sindh, Pakistan. Sorption of a and 3 endosulfan
was checked under optimized conditions. The % sorption was cal-
culated from difference in peak height of detector response. Sorbed
endosulfan was recovered by shaking sorbent for 10 minin 1:1 mix-
ture of n-hexane and ethyl acetate. The results of % sorption and
% recovery are shown in Table 2. Table shows that calix[4]arene
based silica resin can effectively remove endosulfan from
water.

4. Conclusion

Sorption efficiency of immobilized calix[4]arene based silica
resin was investigated to remove endosulfan isomers from aqueous
solution. Results of sorption experiment shows that calix[4]arene
based silica resin is more efficient then pure silica. The sorption
process was found to be pH dependent, while cation-7r interac-
tions play an important role for removal of endosulfan isomers
from aqueous solution. Other factors, like, contact time and shaking
speed also affect sorption efficiency of synthesized resin. Sorp-
tion results show that Freunlich sorption isotherm was found to
be best fitted to sorption data following pseudo second order rate

equation. On the other hand Thomas model suggests that column
sorption is more efficient then batch method. An excellent regen-
eration for at least five times with slight up-down in sorption
capacity indicates that calix[4]arene based resin is highly applica-
ble for the removal of endosulfan from agriculture/industrial waste
water.
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