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a b s t r a c t

It has been discovered previously that clay minerals may have a greater potential for sorption of pesticides.
In this paper, the sorption of endrin, a nonionic persistent organochlorine pesticide, to montmorillonite
and kaolinite was investigated. The effect of pH, ionic strength on the sorption was studied. The effect
of intercalation of hydroxyl aluminium species on sorption of endrin to montmorillonite was also inves-
eywords:
ersistent organic pollutants
lay
oil
ediment

tigated. The results show that, the sorption isotherm of endrin to montmorillonite and kaolinite was
linear. The sorption increases with the increase in ionic strength. pH has effect on the sorption and the
sorption on both montmorillonite and kaolinite has obvious troughs at pH about 7.2 and 5.4, respec-
tively. The intercalation of hydroxyl aluminium species decreases the sorption. Sorption mechanism of
endrin to montmorillonite and kaolinite was suggested to be a combination of hydrophobic interaction
and charge–dipole interaction and troughs in the effect of pH on sorption was attributed to the proton

en bo
shift reaction of the brok

. Introduction

The fate of persistent organic pollutants (POPs) in soils and sed-
ments has been of great concern due to their toxicity, persistency
nd bioaccumulation. Sorption is an important process determining
he fate of POPs in soils and sediments.

It has been recognized that organic matter acts as a predominant
hase for the sorption of organic contaminants [1–12]. However,
ther studies [13,14] have discovered that clay minerals may also
ave a greater potential for sorption of organic contaminants due
o their large surface area and their widespread occurrence. It was
enerally concluded that, for the sorption of organic contaminants,
lay minerals play an important role when the clay to organic matter
atio was sufficiently high (i.e., >10–30), especially for polar organic
ompounds [15].

In recent years, the sorption of organic pollutants to clay min-
rals has been of a concern of many researchers. For example de
liveira et al. [16], investigated the sorption of carbaryl on smec-

ite from aqueous suspension using Fourier transform infrared,
igh-performance liquid chromatography and quantum chemical
ethods. It was found that sorption of carbaryl strongly depends on

he nature of the exchangeable cation and it was indicated that car-

aryl sorption is due, in part, to site-specific interactions between
he carbamate functional group and exchangeable cations. Rytwo
t al. [17] studied the sorption of difenzoquat (DZ) on montmoril-
onite and found that maximal adsorbed amounts exceeded slightly
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nds at the clay edges.
© 2009 Elsevier B.V. All rights reserved.

the cation exchange capacity of the clay. Li et al. [18] studied the
thermodynamics of nitroaromatic compound sorption from water
by smectite clay and the sorption was found to be an exothermic
process on both homoionic K+- and Ca2+-smectite. Chappell et al.
[19] investigated the cosorption of atrazine and lauryl polyoxyethy-
lene oxide nonionic surfactant on smectite and found surfactant Brij
concentrations of 50 and 200 mg L−1 had little effect on atrazine
sorption, but sorption was substantially inhibited by Brij concen-
trations of 2100 mg L−1.

Organochlorine pesticides are known to be one of the most
persistent organic pollutants present in the environment. They
have high toxicity, chemical stability, biological stability, lipophilic-
ity and tend to accumulate in organisms. These aforementioned
characteristics make the organochlorine pesticides prone to bioac-
cumulation along the food chain involving a wide range of trophic
levels [20]. In order to understand the effect of organochlorine
pesticides on environment and human health, it is important to
investigate their fate in the environment. In this paper, the sorption
of endrin, a polar nonionic persistent organic pollutant organicchlo-
rine pesticide, to two kinds of clay minerals, montmorillonite and
kaolinite, was studied and the sorption mechanism was suggested
to be a combination of hydrophobic interaction and charge–dipole
interaction.

2. Experimental
2.1. Materials

Montmorillonite and kaolinite used were obtained from Hubei
Province, China. Before using, montmorillonite was purified using

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:xjpeng@rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2009.02.021
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Table 1
Specific surface area, pore volume and average pore size of montmorillonite and
kaolinite.

Specific surface
area (m2 g−1)

Pore volume
(mL g−1)

Average pore
size (nm)
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water. Montmorillonite and kaolinite are layer-structured clays and
composed of unit layers, which consist of Al3+ octahedral and Si4+

tetrahedral sheets. Montmorillonite is a 2:1 type of clay mineral,
and its unit layer structure consists of one Al3+ octahedral sheet
placed between two Si4+ tetrahedral sheets. Kaolinite is a 1:1 type

Fig. 1. Isotherms for sorption of endrin to montmorillonite and kaolinite.
ontmorillonite 14.1 0.038 10.9
aolinite 17.7 0.102 23.4

edimentation method and kaolinite was used as received. The
urity of kaolinite and purified montmorillonite is 88% and 89%,
espectively and the particle size of montmorillonite and kaolinite
s particle size <0.075 mm. The specific surface area, pore volume,
verage pore size were shown in Table 1. Endrin with purity of >99%
as obtained from Riedel-de Haen AG Seelze-Hannover. n-Hexane
as of pesticide grade. Other chemical reagents were all of analyti-

al grade. Ultra-pure water was used throughout the experiments.

.2. Methods

Na–montmorillonite was prepared by adding 5 g montmoril-
onite in 250 mL 0.5 M NaCl solution, stirred for 24 h and washed
ill chloride free. Hydroxyl aluminium montmorillonite was pre-
ared similarly to procedures described by Saninno et al. [21]. 5 g
ontmorillonite was added to 150 mL water and stirred for 10 min.

hen certain volume of 0.2 M AlCl3 was added to the suspension
nd 0.1 M NaOH was added to the mixture till pH reached 6.5. The
uspension was further stirred for 1 h, centrifuged and washed till
hloride free.

Zeta potentials were measured by microelectrophoresis using
Malven model Zetasizer 2000 zeta potential analyzer. The zeta

otentials of the clay particle suspensions containing 0.02% solid in
.01 M NaCl were determined at various pH values.

Before the sorption test, the endrin stock solution was pre-
ared by dissolving a certain amount of endrin in a known volume
f ultra-pure water. Then the concentration of the stock solu-
ion was measured and the stock solution was diluted to certain
oncentrations. Batch sorption experiments were performed in
00 mL screwed polytetrafluoroethylene (PTFE) centrifuge tubes.
o each tube, 40 mL endrin solution of prescribed concentra-
ion and certain amount of sorbent were added. The pH was
djusted using 1 M HCl or 1 M NaOH. Then the tubes were
haken on a HZQ-C shaker at 20 ◦C. Preliminary experiments
how that the sorption reaches equilibrium with 24 h, so all the
amples were shaken for 24 h. Control samples (endrin solu-
ion without clay) were prepared for calibration to quantify
ndrin loss due to other processes and mass loss of solutes
n the control experiments was less than 4% of the initial
oncentrations.

After sorption, the mixture was centrifuged and the supernatant
olution was decanted and extracted using n-hexane. The endrin
oncentration was analysed using a Shimadzu GC-14C gas chro-
atography equipped with an electron capture detector (ECD)

sing external stands. All sorption experiments were conducted in
ouble and the average value was used. Endrin sorbed was calcu-

ated as follows:
= C0 − Ct

m
(1)

here q is the endrin adsorbed (�g g−1); C0 the initial endrin
oncentration (�g L−1); Ct the concentration of endrin after being
haken for a certain period of time (�g L−1); m is the adsorbent
osage (g L−1).
Materials 168 (2009) 210–214 211

3. Results and discussion

3.1. Sorption isotherms

Sorption isotherm study was carried out by varying the ini-
tial concentration of endrin in the range of 0.5–5.0 �g L−1 and the
sorption isotherms for endrin from aqueous solution to montmo-
rillonite and kaolinite were shown in Fig. 1. The sorption of endrin
to montmorillonite and kaolinite was linear in the concentration
range employed. The sorption isotherms were fitted to the follow-
ing linear model:

Q = KCe

where Q is the amount of endrin adsorbed by clays, Ce is the equilib-
rium concentration, K is the sorption coefficient. The sorption data
fitted the linear model well with correlation coefficients of 0.97 and
0.98 for montmorillonite and kaolinite, respectively. The K values
for sorption of endrin to montmorillonite and kaolinite are 0.18 and
0.21 L g−1, respectively.

3.2. Effect of pH, ion strength on sorption

Fig. 2 shows the zeta potentials of montmorillonite and kaoli-
nite particles in water. It is shown that, during the pH range of
2–12, both montmorillonite and kaolinite particles have negative
zeta potentials and the potentials decrease with the increase in
pH. The negative zeta potentials of montmorillonite and kaolinite
in water indicate that, the clay particles are negatively charged in
Fig. 2. Zeta potentials of montmorillonite and kaolinite.
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decreased. The decrease of the positive edge charges reduced the
charge–dipolar interaction and resulted in the decreased sorption.
ig. 3. Effect of ionic strength on sorption of endrin to montmorillonite and kaolinite.

f clay mineral, and its unit layer structure consists of one Al3+

ctahedral sheet staked on one Si4+ tetrahedral sheet. In the tetra-
edral sheets, Al3+ can substitute for Si4+; in the octahedral sheets,
g2+ can substitute for Al3+. These isomorphous substitutions in

he mineral lattice cause permanent net negative charges at the
lay-mineral surface [22]. These negative charges may have great
ffect on the sorption properties of clays.

Ionic strength may be an important factor affecting sorption pro-
ess. In this study, the effect of ionic strength on the sorption was
nvestigated. The ionic strength of the solution was adjusted using
aCl. The results were shown in Fig. 3. As can be seen, an increase in

onic strength results in an increase in the sorption for both mont-
orillonite and kaolinite. The increase of sorption with the increase

n the ionic strength maybe is due to the fact that solution ionic
trength influences the double layer thickness of clays [23]. The
ddition of salt results in the compression of the diffuse double
ayer and facilitates the interaction between endrin molecules and
lay surface.

Fig. 4A and B shows the effect of pH on sorption of endrin to
ontmorillonite and kaolinite, respectively. It can be seen that, pH

as effect on sorption of endrin to both montmorillonite and kaolin-
te. The sorption on both montmorillonite and kaolinite has obvious
roughs at pHmin and pHmin occurs at about 7.2 and 5.4, respectively.

t pH < pHmin, the sorption decreases with the increase in pH. At
H > pHmin, the sorption increases with the increase in pH.

It has been previously discovered that the uncharged regions
etween charge sites on clay siloxane surface show partial
ydrophobic character [24]. The hydrophobic interaction between
he uncharged regions and the organic molecules may account
or the sorption. However, in this investigation, the effect of
onic strength and pH on the sorption indicates that a charge-

elated process may also account for the sorption of endrin to
ontmorillonite and kaolinite. This sorption mechanism can be

uggested to be a charge–dipole interaction between clay charges
nd endrin molecules (Scheme 1.). Sorption mechanism of endrin
Fig. 4. Effect of pH on sorption of endrin to montmorillonite and kaolinite.

to montmorillonite and kaolinite is suggested to be a combina-
tion of hydrophobic interaction and a charge–dipole interaction. As
mentioned above, there exist permanent negative charges result-
ing from isomorphous substitution in clay structures. Otherwise,
around the edges of the silica–alumina units, there are broken
bonds, which would give rise to unsatisfied charges [25]. Unlike
the permanent negative charges, the edge charges are changeable.
This is due to the following proton shift reaction:

The edge charges change with the change in pH. They are posi-
tively charged at low pH values and negatively charged at high pH
values and there is a zero point of charge on the clay edges (PZCe).

The troughs in the effect of pH on sorption maybe are caused
by the change of edge charges with the change of pH. At pH < PZCe,
–OH2

+ groups on the edges was prone to be neutralized to –OH
groups with the increase in pH and the positive charges were
At pH > PZCe, –OH groups on the edges was prone to be ionized
with the increase in pH and the edges were more and more nega-
tively charged. The increase of negative edge charge enhanced the
charge–dipolar interaction and resulted in the increased sorption.
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Scheme 1. Charge–dipole interaction betwe
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ig. 5. Effect of intercalated hydroxyl aluminium on sorption of endrin to montmo-
illonite.

.3. Effect of intercalated hydroxyl aluminium on sorption to
ontmorillonite

Unlike kaolinite, montmorillonite has exchangeable cations in
he interlayer space. These exchangeable can be intercalated by
ydroxyl metal species through the exchange of interlayer cations
nd hydroxyl metal species. In this section, the effect of interlayer
ations (Na+, K+, Ca2+) and intercalated hydroxyl metal species
hydroxyl aluminium species) on sorption of endrin to montmo-
illonite was investigated.

The effect of intercalated hydroxyl aluminium species was
hown in Fig. 5. Three kinds of hydroxyl aluminium-intercalated
ontmorillonites with aluminium/montmorillonite preparation

atios of 1, 3, 6 mmol g−1, which were denoted as MA1, MA3,
A6 respectively, were used in the study. Na–montmorillonite
ithout hydroxyl aluminium species intercalation was denoted

s MA0. The XRD patterns showed that, the interlayer spacings
f MA1, MA3, MA6 were 1.50, 1.68, 1.73 nm, respectively, which
ere higher than the original Na–montmorillonite (1.23 nm) and

ndicated that hydroxyl aluminium species has been intercalated
nto the interlayer space. The results show that the intercalated
ydroxyl aluminium species has effect on the sorption and the sorp-
ion decreases with the increase in aluminium/montmorillonite
atio. For example, at initial endrin concentration of 1 �g L−1,
ndrin sorbed on MA0, MA1, MA3, MA6 was 0.100, 0.079, 0.068,
.057 �g g−1. The decreased sorption with the increase in alu-
inium/montmorillonite ratio maybe is due to the fact that the

ntercalation of hydroxyl aluminium species results in the reduction
f montmorillonite charges.
. Conclusions

1) The sorption isotherm of endrin to montmorillonite and kaolin-
ite was linear. The sorption increases with the increase in ionic
strength.

[

[

en clay charges and endrin molecules.

(2) pH has effect on the sorption. The sorption on both montmo-
rillonite and kaolinite has obvious troughs at pH about 7.2 and
5.4, respectively.

(3) The intercalation of hydroxyl aluminium species into mont-
morillonite interlayer decreases endrin sorption to montmo-
rillonite.

(4) Sorption mechanism of endrin to montmorillonite and kaolinite
was suggested to be a combination of hydrophobic interaction
and charge–dipole interaction and troughs in the effect of pH
on sorption was attributed to the proton shift reaction of the
broken bonds at the clay edges.
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