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a b s t r a c t

Surface modification is an effective way to enhance adsorption of pollutants by soil. In this study, we
investigated the individual adsorption of cadmium ion (Cd2+) and phenol and also in combination by the
clay layer of a loessial soil treated with the amphoteric modifier, duodalkylbetaine (BS-12). Three levels
of BS-12 modification were compared in this experiment: (1) unmodified soil (CK), (2) modification with
an amount of BS-12 equivalent to 50% of the soil’s CEC (50BS) and (3) modification with an amount of
BS-12 equivalent to 100% of the soil’s CEC (100BS). Cd2+ adsorption was 0.92–1.70 times higher in the
amphoteric modified soil compared to unmodified soil. Adsorption isotherms for Cd2+ displayed a L1-
type shape. Phenol adsorption was 1.25–4.35 times higher in the amphoteric modified soil compared to
the unmodified control. The adsorption isotherms of phenol on amphoteric modified soils were gener-
ally linear, but changed to L1-type isotherms for modified soil in the Cd2+ + phenol treatment at 40 ◦C.
The results clearly showed that amphoteric modified soil had the ability to simultaneously adsorb Cd2+

and phenol. Cd2+ adsorption by the amphoteric modified soil was related to the initial concentration of
Cd2+ in the supernatant. Cd2+ adsorption in the 100BS treatment exceeded adsorption in the 50BS treat-

2+ −1
ment when Cd initial concentrations were higher than approximate 200 �g mL . Phenol adsorption
by modified soils decreased in the order: 100BS > 50BS > CK and was primarily determined by the surface
hydrophobicity of the soil. For the unmodified soil, total adsorption in the Cd2+ + phenol treatment was
slightly lower compared to treatments that contained only Cd2+ or phenol. This indicated an antagonistic
effect between the adsorption of Cd2+ and phenol, which was reduced after amphoteric modification. A
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. Introduction

Simultaneous contamination of soil with both organic pol-
utants and heavy metals has become a serious environmental

roblem. The adsorption of these pollutants by soil can minimize
heir harmful effects by reducing their movement in the soil, thus
educing their potential for plant uptake or groundwater contami-
ation.

Abbreviations: 50BS, soils modified with an amount of BS-12 equiva-
ent to 50% of the soil’s CEC; 100BS, soils modified with an amount of
S-12 equivalent to 100% of the soil’s CEC; BDMOA, benzyldimethyloctadecy-

ammonium; BS-12, duodalkylbetaine; BTEA, benzyltriethylammonium; BTEX,
enzene–toluene–ethylbenzene–xylene; CDTEA, carboxydecyltriethylammonium;
EC, cation-exchange capacity; CK, unmodified soil; HDTMA, hexadecyltrimethy-

ammonium; Kr, adsorption ratio; OM, organic matter; pKsp, negative logarithm of
olubility product constant (Ksp) of Cd(OH)2; Wsoil , weight of soil modified.
� Foundation: National Natural Science Foundation of China (No. 40301021) and
upport plan of Northwest A&F University for young researcher.
∗ Corresponding author. Tel.: +86 29 87092226; fax: +86 29 87092226.

E-mail address: zfmeng@hotmail.com (Z.-F. Meng).
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cts on Cd2+ and phenol adsorption indicated that Cd2+ was both physically
amphoteric modified soil, but phenol was primarily adsorbed physically.

© 2008 Elsevier B.V. All rights reserved.

Boyd et al. [1] treated clay and soil samples with a cationic sur-
actant in order to change the surface of the soil material from
ydrophilic to hydrophobic. The studies showed that the adsorption
f organic pollutants was 10- to 100-fold higher on modified clay or
oil compared to unmodified clay or soil [2–5]. Several researchers
nvestigated the modification of bentonite with a mixture of two
urfactants to enhance the adsorption of organic pollutants [6–8].
ther investigators have systematically investigated the factors

hat affect the adsorption of organic pollutants on modified clay
r soil. These factors include clay and soil type [7,9–12], polarity of
rganic pollutants [13], pH, adsorbed form of the modifiers on the
lay surface [14,15], surface charge density of clays [13,16], inter-
ayer microstructural changes [17] and pore structure of clays [18].

The adsorption of hydrophilic heavy metals by cationic modified
oil is related to the form of the heavy metal ion. For anionic heavy
etals, such as the oxyanions CrO4

2− and SeO4
2−, adsorption by
he cationic modified soil is related to the amount of modification.
hen the amount of the cationic surfactant is greater than cation

xchange capacity (CEC) of the clay or soil, then the excess surfac-
ant will be adsorbed by hydrophobic bonds on the organic phase
ormed by the adsorption of the cationic surfactant on the exchange

http://www.sciencedirect.com/science/journal/03043894
mailto:zfmeng@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2008.02.045
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ites of the soil or clay. The positive charges of the excess cationic
urfactant become adsorption sites for oxyanions. The adsorption of
xyanion by the cationic modified soil is through an ion-exchange
rocess [19–21].

Meng and Zhang [22] observed that the long carbon chains
f the cationic surfactant created a hydrophobic effect at the soil
urface that repelled cationic heavy metals such as cadmium ion
Cd2+). Cd2+ was physically and chemically adsorbed to parts of the
oil surface that were not covered by the cationic surfactant, but
d2+ adsorption was reduced as the amount of modifier increased.
hese results, supported by other researchers [23–24], indicated
hat treatment with a cationic surfactant results in an increase
n the adsorption of organic pollutants by soil, but a decrease in
he adsorption of heavy metals. Thus, when organic pollutants and
eavy metals coexist in the soil, treatment of the soil with a cationic
urfactant may increase heavy metal mobility and the risk of envi-
onmental pollution.

The simultaneous adsorption of multiple organic pollutants by a
ationic modified soil has been investigated by several researchers.
he results showed that adsorption patterns varied depending on
he type of pollutant [11] and that multiple organic pollutants had
synergistic effect on adsorption. The adsorption of aliphatic com-
ounds on organic clay exhibited a type III isotherm, but a dual
-type isotherm was observed for the adsorption of aromatic com-
ounds. This showed that the adsorption of organic compounds on
odified clay enhanced the adsorption ability of the organic phase

ormed by the cationic surfactant on the clay surface [25–26]. The
dsorbed amounts of total benzene–toluene–ethylbenzene–xylene
BTEX) mixture were generally higher than those for the individual
ompounds, but compared to benzene and toluene, the large-size
lkylbenzene showed greater partitioning affinity due to their high
ydrophobicity [27].

The treatment of soil with a cationic surfactant is not effec-
ive in the case of simultaneous pollution with both organic and
eavy metal pollutants because cationic heavy metals are weakly
dsorbed, but simultaneous adsorption probably be achieved with
n amphoteric modifier due to its special molecular structure.
n this paper, the term surface modifier refers to the compound
sed to modify the soil or clay surface, the soil that is modified
ith the amphoteric surface modifier is referred to as ampho-

eric modified soil. Molecules of the amphoteric modifier consist of
oth hydrophobic and hydrophilic groups. The hydrophobic group
onsists of a long carbon chain containing 8–18 carbon atoms.
he hydrophilic portion has two charged groups, one is positively
harged and the other group is negatively charged. Amphoteric
odified soil is formed when the positively charged groups of the

mphoteric modifier are adsorbed by electrostatic forces to the
egatively charged sites on the soil surface.

The amphoteric modifier’s hydrophobic carbon chain forms an
rganic phase on the soil surface that increases the adsorption of
rganic pollutants. At the same time, heavy metal cations from the
oil solution are attracted to the free, negatively charged groups of
he amphoteric modifier by electrostatic forces. Furthermore, the
dsorption of heavy metal cations is also increased because the
tom with a lone electron pair in the amphoteric modifier, e.g. oxy-
en or nitrogen atom, increases adsorption by producing complex
onds with heavy metal cation and by forming a stable pentagonal
ing between the amphoteric modifier and heavy metal cation. As
result, amphoteric modified soil has the ability to simultaneously
bsorb both organic and heavy metal pollutants.
There are few reports on the effect of amphoteric modifier
n adsorption when the soil is simultaneously polluted with
eavy metals and organic pollutants. Sheng et al. [28] found
he montmorillonite, modified with carboxylic group-bearing
arboxydecyltriethylammonium (CDTEA), had dual adsorptive
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ig. 1. Molecular structure of BS-12. BS-12 is commercial name of duodalkylbetaine.

roperties for Pb2+ and chlorobenzene. In a previous paper, we
escribed the theoretical principles for the use of an amphoteric
odifier to adsorb organic and heavy metal pollutants in soil, and

ompared the adsorption of Cd2+ and phenol on soil modified
ith amphoteric modifier to that modified with cationic modifier
hen these two pollutants occurred separately, the study showed

mphoteric modification could increase Cd2+ and phenol adsorp-
ion separately and demonstrated the amphoteric modified soil
as the potential for simultaneously adsorbing heavy metals and
rganic pollutants [29].

In this paper, we investigated the individual adsorption of
d2+ and phenol in their single treatment and the simultaneous
dsorption characteristics in their mixture solution at different
emperatures by a soil modified with the amphoteric modi-
er, duodalkylbetaine (BS-12). The results provide evidence that
mphoteric surfactants can be used to treat soils containing both
rganic and heavy metal pollutants.

. Materials and methods

.1. Amphoteric modifier

The amphoteric modifier used in this experiment was duo-
alkylbetaine. Its molecular structure is shown in Fig. 1. The
ompound, which is commercially known as BS-12, 30% (w/v) in
ater solution, Analytical Reagent, was provided by the Sichuan

inkun Chemical Engineering Co. Ltd., Chengdu, Sichuan Province,
hina.

.2. Soil samples

The soil was the clay layer of loessial soil that collected from
xperiment fields located next to Northwest A&F University, Yan-
ling, Shaanxi Province, China. The sampling depth was 1.1–1.3 m.
he soil was air-dried and passed through a 1-mm sieve. The
haracteristics of the soil were as follows: pH 8.24, clay content
<0.01 mm) = 530.4 g kg−1, CEC = 28.09 cmolc kg−1, OM = 8.8 g kg−1,
nd CaCO3 = 3.2 g kg−1. The primary components of clay were illite
nd smectite, and included a small quantity of albite and calcite. CEC
as determined by the method of sodium acetate (pH 8.2)-flame
hotometry.

.3. Modification of soil

Three levels of BS-12 modification were compared in this exper-
ment: (1) unmodified soil (CK), (2) modification with an amount
f BS-12 equivalent to 50% of the soil’s CEC (50BS) and (3) modifi-

ation with an amount of BS-12 equivalent to 100% of the soil’s CEC
100BS).

A solution containing BS-12 was prepared by dissolving
he compound in 1 L deionized water at 40 ◦C. The weight
f BS-12 in solution was calculated by equation: Wsoil × soil’s
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Fig. 2. Cd2+ adsorption isotherms on different amphoteric modified soils in Cd2+ and
Cd2+ + phenol treatments. (a) At 20 ◦C and (b) at 40 ◦C. There are unmodified soil (CK)
and two kinds of modified soils, i.e. soils modified with an amount of BS-12 equiva-
lent to 50% of the soil’s CEC (50BS) and equivalent to 100% of the soil’s CEC (100BS),
used in experiment. We used the abbreviations CK, 50BS and 100BS to represent
experiments in pollutant single (Cd2+ or phenol) treatment, while the abbrevia-
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EC × modification ratio × 272.45 × 10−2, where Wsoil is the weight
f soil modified, kg; 272.45 is the molecular weight of BS-12,
mol−1. The solution was then mechanically stirred into 1 L soil
uspension that contains 0.5 kg soil. After equilibrating for 3 h
result from a preliminary kinetic experiment), the amphoteric

odified soil samples were vacuum filtered, washed five times with
eionized water, dried at 60 ◦C, and passed through a 1-mm sieve.

.4. Adsorption isotherms

The experiment included three pollutant treatments: (1) heavy
etal pollutant (Cd2+) only, (2) organic pollutant (phenol) only,

nd (3) heavy metal + organic pollutant (Cd2+ + phenol) mixture.
series of Cd2+ aqueous solutions at 5, 10, 20, 50, 100, 200,

00, 400 and 500 �g mL−1 were prepared using cadmium sulfate
3CdSO4·8H2O). Phenols in water solutions were also prepared
t 5, 10, 20, 50, 100, 200, 300, 400 and 500 �g mL−1. The con-
entration in the Cd2+ + phenol treatment was expressed as ‘a + b’,
here ‘a’ is the concentration of Cd2+ in the mixture, and ‘b’ is the

oncentration of phenol in the mixture. A series of solutions con-
aining Cd2+ + phenol were prepared with concentrations of 5 + 5,
0 + 10, 20 + 20, 50 + 50, 100 + 100, 200 + 200, 300 + 300, 400 + 400
nd 500 + 500 �g mL−1. NaNO3 at concentration of 0.01 mol L−1 was
dded in the solution to keep ionic strength constant.

Adsorption isotherms were obtained by conducting adsorption
ests on the modified soil at 20 and 40 ◦C using the batch equi-
ibrium method. For example, in the case of the Cd2+ treatment,
g of modified soil was taken into glass centrifuge tubes. Twenty
illiliters from each of the seven Cd2+ dilutions was added into

eparate tubes. Equilibrium was reached by shaking the suspen-
ions for 24 h in a water bath at the prescribed temperature. The
amples were centrifuged at 2500 rpm and then the pH and Cd2+

oncentration of the supernatant were measured. Each isotherm
as determined using four replicates. Adsorption isotherms for the
henol and Cd2+ + phenol treatments were obtained by the same
ethod.

.5. Determination

The concentration of Cd2+ in the supernatant was measured
y flame atomic adsorption spectrometry with a Hitachi Z-5000
tomic absorption spectrometer. Background absorption was cor-
ected by the Zeeman effect. The concentration of phenol in the
upernatant was measured by 4-aminoantipyrine spectrometry
ith a SP-2100 UV–VIS spectrophotometer. A reagent blank was
sed to adjust absorbance to zero. The amount of Cd2+ or phenol
dsorbed by the soil was calculated as the difference between the
nitial and final concentration of the pollutant(s) in the supernatant.
nalytical quality was monitored by inserting standards among the
amples.

. Results and discussion

.1. Equilibrium adsorption characteristics of Cd2+ by the
mphoteric modified soil

The adsorption isotherms of Cd2+ to amphoteric modified soil for
oth the single pollutant and mixed pollutant treatments are shown

n Fig. 2. Adsorption isotherms of phenol to amphoteric modified
oil are shown in Fig. 4. We defined adsorption ratio, Kr, as the ratio
f the amount of the pollutant (Cd2+ or phenol) adsorbed at equilib-

ium by the amphoteric modified soil in single pollutant or mixed
ollutant treatments compared to the amount adsorbed by the
nmodified soil at the same pollutant equilibrium concentration

n single pollutant treatment. Kr expresses the different adsorption
haracteristics for organic pollutants and heavy metals between

C
r
t
o
c

ions CKM, 50BSM and 100BSM were used to represent the same experiments in
ollutants mixture (Cd2+ + phenol) treatment. Cd2+, cadmium ion.

mphoteric modified soil and unmodified soil. Kr values for Cd2+

nd phenol are shown in Figs. 3 and 5, respectively.
In this study, the other species of Cd have been ignored, because

he pH values of supernatant were in the range 7.0–7.6 after equili-
ration. It is less than the critical pH that the precipitation, Cd(OH)2,
tart to form (the critical pH 8.56, When Cd2+ concentration reaches
00.0 �g mL−1, pKsp = 13.2).

The adsorption isotherms of Cd2+ for amphoteric modified and
nmodified soil were L1-type in both the Cd2+ and Cd2+ + phenol
reatments (Fig. 2). Cd2+ adsorption increased across the range of
d2+ concentrations in this study, but the maximum Cd2+ adsorp-
ion did not reach for this soil. Cd2+ adsorption was higher in the
0BS and 100BS treatments compared to the unmodified soil at
oth temperatures. Fig. 3 showed that Cd2+ adsorption in the 50BS
reatment was 1.05–1.7 times in Cd2+ single treatment, 1.00–1.31
imes in Cd2+ + phenol treatment more than the unmodified soil,
hile adsorption in the 100BS treatment was 1.0–1.68 times in Cd2+

ingle treatment, 0.92–1.31 times in Cd2+ + phenol treatment higher
han the unmodified soil. These results demonstrated that the mod-
fication of soil by BS-12 increased the soil’s ability to adsorb Cd2+,
hus supporting our hypothesis.

In BS-12 modified soil, Cd2+ can be adsorbed by net negative
harges on the bare soil surface as well as negative charges and com-
lex groups on BS-12 modifier. A preliminary study showed that the
EC of CK, 50BS, 100BS soils were 28.09, 30.25 and 28.02 cmolc kg−1
espectively, demonstrated that the modification by BS-12 had lit-
le effects on the amounts of negative charges. Hence, the increase
f Cd2+ adsorption in modified soil is due to the enhancing effect of
omplex groups on BS-12.
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Fig. 3. The ratio of Cd2+ adsorption by modified soil in Cd2+ and Cd2+ + phenol

Results in Fig. 2 indicated that Cd2+ adsorption by amphoteric
odified soil was related to the initial concentration of Cd2+ in

oth Cd2+ and Cd2+ + phenol treatments. When the initial con-
entration of Cd2+ added to the soil solution was <200 �g mL−1

1.78 mmol L−1), i.e. corresponding to 0.01–0.03 mmol L−1 Cd2+

quilibrium concentration in Fig. 2, Cd2+ adsorption declined in
he order: 50BS > 100BS > CK. In contrast, when the initial con-
entration of Cd2+ added to the soil solution was >200 �g mL−1,
dsorption declined in the order: 100BS > 50BS > CK. Fig. 3 also
howed when Cd2+ initial concentrations in the soil solution were
200 �g mL−1, Kr of Cd2+ was higher in the 100BS treatment
ompared to the 50BS treatment at both temperatures in both Cd2+

nd Cd2+ + phenol treatments. The results showed that the relative
mount of Cd2+ adsorbed by the 50BS and 100BS treatments
aried depending on the initial concentration of Cd2+ in the soil
olution. At low initial concentrations, the adsorption of Cd2+ was
igher in the 50BS treatment compared to the 100BS treatment.

n contrast, adsorption was higher in the 100BS treatment when
d2+ initial concentrations increased. The presence of phenol in
he Cd2+ + phenol treatment did not affect this characteristics of
d2+ adsorption. We suggested the reasons as follows.

Amphoteric modifier has both negatively charged and positively
harged groups, two exchange reactions may be taken place in the
odification of soil: (1) the positively charged group of amphoteric
odifier combines with the negatively charged site on the surface

f soil, the negatively charged group of the modifier will extend into
he soil solution due to repulsion by the negatively charged sites on
he soil surface. Therefore, the negatively charged group on ampho-
eric modifier become free adsorption site on the modified surface
f soil instead of that on bare surface of soil, (2) the negatively
harged group of amphoteric modifier combines with the posi-
ively charged site on the surface of soil, thus the positively charged
dsorption sites on bare surface of soil are replaced by positively
harged groups on amphoteric modifier. Hence, the modification
as little effect on amount of soil surface charge. The outcome can
e supported by the CEC values of both modified (50BS, 100BS) and
nmodified soils (CK). Weers [30] reported the pKa of BS-12 was 1.8,
ut Kato [31] found the isoelectirc zone of BS-12 was in pH 5.5–10.5.
hese indicate that the positively charged groups on BS-12 have
qual charge strength with the negatively charged groups under the
H of supernatant after equilibration, even though the carboxylic
roups of BS-12 have been completely deprotonated. Furthermore,

he loessial soil has constantly charged surface due to its high clay
ontent, i.e. net and high negative charges, thus the modification
s primarily taken place by combining positively charged groups
f amphoteric modifier with the negatively charged sites on the
urface of soil.

F
a
i
d
c

ments and by unmodified soil in Cd2+ treatment. (a) At 20 ◦C and (b) at 40 ◦C.

Variations in the adsorption characteristics of soils treated with
ifferent amounts of amphoteric modifier (BS-12) are related to
he density of the negatively charged hydrophilic groups and the
ydrophobic carbon chains of the amphoteric modifier on the soil
urface. Cd2+ adsorption by the modified soil is enhanced by neg-
tively charged hydrophilic groups on BS-12 with an increase of
odified ratio from 50% to 100%, while the repulsion to Cd2+

dsorption on modified soil is simultaneously increased by the
ydrophobic carbon chains. Because the attractive force, i.e. elec-
rostatic attraction between positive charges of Cd2+ and negative
harges on the surface of modified soil and the complex attraction
etween Cd2+ and complex group on BS-12, is much greater than
he repulsive interaction between the positively charged Cd2+ and
ydrophobic carbon chain of modifier, Cd2+ adsorption is higher in
00BS compared to in 50BS treatments at high Cd2+ initial concen-
ration. A reverse sequence to Cd2+ adsorption on 50BS and 100BS
reatments at low initial concentration probably result from the
ompetitive adsorption of the cations (Na+, etc.) coexisted in soil
olution, and this competitive effect could be neglected at high
d2+ concentration due to higher Cd2+ adsorption. Even though the
rder of Cd2+ adsorption is 50BS > 100BS in the low Cd2+ concen-
ration region, the absolute amount of Cd2+ adsorbed in the 50BS
nd 100BS treatments is higher than in the unmodified soil.

Regardless of temperature and modification treatment, Cd2+

dsorption was higher in the Cd2+ treatment compared to the
d2+ + phenol treatment in both the modified and unmodified soil
Fig. 2). Fig. 3 also showed that the Kr values in Cd2+ treatment
ere higher than those in Cd2+ + phenol treatment. In addition, the

r values of unmodified soil in Cd2+ + phenol treatment were less
han 1 (Fig. 3). These indicated that phenol reduced Cd2+ adsorp-
ion in this soil. Furthermore, compared with Cd2+ adsorption in
d2+ treatment, when the Cd2+ equilibrium concentration in super-
atant was high, the decrease of Cd2+ adsorption in Cd2+ + phenol
reatment in modified soil was smaller than that in unmodified soil.
his is in agreement with the characteristics of the Cd2+ adsorption
sotherms in Fig. 2. These results showed that the phenol in the
oil solution had an antagonistic effect on Cd2+ adsorption by the
nmodified soil. However, treatment of the soil with the ampho-
eric modifier reduced the effect of phenol on Cd2+ adsorption. We
iscuss the antagonistic effect between Cd2+ and phenol adsorption

n next section.
The effect of temperature on Cd2+ adsorption is also shown in
ig. 2. Temperature increased Cd2+ adsorption in both the Cd2+

nd Cd2+ + phenol treatments for the unmodified soil. The increase
n Cd2+ adsorption, referred to as the positive temperature effect,
emonstrated that Cd2+ adsorption was primarily due to chemi-
al adsorption in the unmodified soil. This finding supports our
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revious study [22]. In contrast, Cd2+ adsorption on the ampho-
eric modified soil decreased as temperatures increased in the
d2+ + phenol treatments, we refer to this as the negative tem-
erature effect. The temperature effects are related to the Cd2+

quilibrium concentration in the Cd2+ treatment. Negative temper-
ture effect on Cd2+ adsorption occurred at low Cd2+ concentrations
hile positive temperature effect occurred at high Cd2+ concen-

rations. This demonstrated that Cd2+ adsorption by amphoteric
odified soil was due to both physical and chemical adsorption.
Modification of the soil with BS-12 does not decrease the total

mount of negatively charged adsorption sites on the surface of the
odified soil. Due to the high clay content and high negative charge

f the soil, electrostatic attraction is the main adsorption-type for
d2+ adsorption by this soil. This type of adsorption, produced by
lectrostatic forces, is physical adsorption. The BS-12 molecule also
ontains both carboxyl and amidocyanogen groups. The atom with
lone electron pair in the carboxyl group and the amidocyanogen
roup of BS-12 molecule (such as oxygen or nitrogen atom) forms a
hemical bond with Cd2+, producing a stable pentagonal ring struc-
ure between the amphoteric modifier and the heavy metal cation.
his type of adsorption is chemical adsorption. Therefore, total Cd2+

dsorption in the modified soil includes both physical and chemical
dsorption mechanisms. The negative temperature effect on Cd2+

dsorption is primarily appeared in low Cd2+ concentration region,
ecause the physical adsorption is easy to happen.

.2. Equilibrium adsorption characteristics of phenol on
mphoteric modified soil

The pKa of phenol is 9.99 [32], thus the most phenols
xist as neutral species (molecule) under the pH of supernatant
7.0–7.6) after equilibration. Fig. 4 showed that phenol adsorp-
ion isotherms on amphoteric modified soil were linear except
or the Cd2+ + phenol treatment at 40 ◦C. This indicated a rela-
ively constant proportion between the amount of phenol adsorbed
n the surface of modified soil and the amount of phenol in the
oil solution. In the Cd2+ + phenol treatment, the shape of the
henol adsorption isotherms changed from linear at 20 ◦C to L1-
ype at 40 ◦C. This indicated that in the Cd2+ + phenol treatment,
he amphoteric modified soil’s adsorption affinity for phenol was
ffected by temperature.

Phenol adsorption declined in the order 100BS > 50BS > CK for
oth the phenol and Cd2+ + phenol treatments regardless of tem-

erature (Fig. 4). This indicated that phenol adsorption due to
he hydrophobicity of modified soil increased as the amount of

odifier increased. Fig. 5 showed that phenol adsorption in the
0BS treatment was 1.38–3.28 times in phenol single treatment,
.25–2.56 times in Cd2+ + phenol treatment more than that in the

C
u
o
i
C

ig. 5. The ratio of phenol adsorption by modified soil in phenol and Cd2+ + phenol treatm
ig. 4. Phenol adsorption isotherms on different amphoteric modified soils in phe-
ol and Cd2+ + phenol treatments. (a) At 20 ◦C and (b) at 40 ◦C.

nmodified soil respectively, while adsorption in the 100BS treat-
ent was 2.29–4.35 times in phenol single treatment, 1.84–3.46

imes in Cd2+ + phenol treatment higher than the unmodified
oil. This result showed that the modification of soil with BS-12
ncreased the adsorption of organic pollutants and supported our
ypothesis. Adsorption of organic pollutants is lower in the ampho-
eric modified soils compared to soils modified with the cationic
urfactant, but the latter do not have the ability to simultaneously
dsorb both heavy metals and organic pollutants. Therefore, the
reatment of soil with an amphoteric modifier is superior to treat-

ent with a cationic surfactant when soil contains both heavy
etals and organic pollutants.
At the same temperature and modification ratio, phenol adsorp-

ion was higher in the phenol treatment compared to the
2+
d + phenol treatment for both the amphoteric modified and the

nmodified soil (Figs. 4 and 5). This indicated that the presence
f Cd2+ had a negative effect on phenol adsorption. This was sim-
lar to our observation that phenol had an antagonistic effect on
d2+ adsorption in the Cd2+ + phenol treatment. The results demon-

ents and by unmodified soil in phenol treatment. (a) At 20 ◦C and (b) at 40 ◦C.
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trate that there is an inter-antagonistic effect between phenol and
d2+ adsorption. When the two pollutants were present in the soil
imultaneously, both phenol and Cd2+ adsorption were reduced in
mphoteric modified and unmodified soils.

Even though Cd2+ and phenol are not adsorbed at the same sites,
n inter-antagonistic effect between Cd2+ and phenol adsorption
s demonstrated in this study and supported by other researchers
24,33]. Oyanedel-Craver et al. [24] indicated that the metals (Cd,
b and Zn) and benzene were both adsorbed by surface adsorption
n benzyltriethylammonium (BTEA)–bentonite. Although the

etals and benzene are not sorbed at same sites, they are both
nteracting with the surface of the clay. The presence of benzene
ould cause crowding at the surface and result in a steric hindrance
hich could decrease the amount of metal that could interact with

he surface. When partitioning-type clay, hexadecyltrimethylam-
onium (HDTMA)–bentonite, was used, competition between

he non-polar organics (benzene) and metal were caused by
he adsorption of benzene on the HDTMA–bentonite surface.
mall amounts of benzene, which are polarizable due to electron
elocalization, are adsorbed by an electrostatic attraction between
enzene and the clay mineral surface and may compete with
he surface sorption of heavy metals. Andini et al. [33] reported
he adsorption of chlorophenol on the surface of benzyldimethy-
octadecylammonium (BDMOA)–bentonite created competition
etween the heavy metals, and organic molecules. But a contrary
esult was also observed, Yoo et al. [34] did not find the competition
etween Cd, Pb and phenol sorption onto HDTMA–bentonite.

In this study, although phenol primarily interact with the
rganic phase created by the alkyl chains of BS-12 modifier, (1)
henol is a relatively soluble non-polar compound [34], the soil
M could adsorb both Cd2+ and phenol simultaneously. This could
ccount for Yoo’s observation [34], since bentonite is a relatively
ure clay mineral, phenol is difficult to be adsorbed on bare clay
urface; (2) amphoteric modifier adsorbed on the surface of bare
oil could adsorb both Cd2+ (by negative charges and complex
roups) and phenol (by alkyl chains), the hydrogen bond may be
ormed between –COOH on BS-12 molecule and phenol to some
xtent. Therefore, the interaction of both Cd2+ and phenol with
ame surface [24,33] or same modifier molecule is the reason for
nter-antagonistic effect.

A comparison of the temperature treatments showed that phe-
ol adsorption decreased as temperature increased, indicating that
henol adsorption in this soil was mainly due to physical adsorp-
ion. This supports the hypothesis of Meng et al. [29] that phenol
dsorption is determined by the partition of phenol between the
urface of the modified soil and soil solution.

Compared with phenol adsorption in the phenol treatment
t high equilibrium concentration, although Cd2+ reduced phe-
ol adsorption, the decrease of phenol adsorption in Cd2+ + phenol
reatment in unmodified soil was greater compared to that in mod-
fied soil (Fig. 4). This result demonstrated that the modification of
oil with BS-12 could decrease the antagonistic effects of Cd2+ on
henol adsorption simultaneously.

At 40 ◦C, Fig. 4 indicated that for both modified soil and unmod-
fied soil, the phenol adsorption isotherms in the Cd2+ + phenol
reatment were close to that in the phenol treatments. These indi-
ated that the antagonistic effect of Cd2+ on phenol adsorption was
lso reduced by high temperatures. This is probably related to dif-
erences in the effect of temperature on the mechanism for Cd2+

nd phenol adsorption.
. Conclusions

The modification of soil with the amphoteric modifier, BS-
2, increased the adsorption of both phenol and Cd2+ compared

[

[

[
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o unmodified soil. These results support the hypothesis that
mphoteric modified soil has the ability to simultaneously adsorb
rganic pollutants and cationic heavy metals. Cd2+ adsorption is
nhanced by negatively charged hydrophilic groups on BS-12 with
n increase of modified ratio from 50% to 100% and related to
he Cd2+ initial concentration. In contrast, the adsorption of phe-
ol on amphoteric modified soil is controlled by hydrophobicity
esulting from the density of the hydrophobic carbon chains on the
oil surface. A comparison of single pollutant (Cd2+ only or phe-
ol only) with mixed pollutant (Cd2+ + phenol) treatments showed
n inter-antagonistic effect between Cd2+ adsorption and phenol
dsorption on unmodified soil. Modification of soil with BS-12
an decrease the antagonistic effects significantly. The adsorption
f Cd2+ on unmodified soil is mainly due to chemical adsorp-
ion, while Cd2+ is both physically and chemically adsorbed on
he amphoteric modified soil. Physical adsorption is the primary

echanism for phenol adsorption in both modified and unmodified
oils.

cknowledgements

The authors would like to thank Dr. William Gale for his help in
diting this paper.

eferences

[1] S.A. Boyd, J.F. Lee, M.M. Mortland, Attenuating organic contaminant mobility
by soil modification, Nature 333 (1988) 345–347.

[2] J.F. Lee, J.R. Crum, S.A. Boyd, Enhanced retention of organic contaminants
by soils exchanged with organic cations, Environ. Sci. Technol. 23 (1989)
1365–1372.

[3] R. Wibulswas, D.A. White, R. Rautiu, Adsorption of phenolic compounds from
water by surfactant modified pillared clays, Process Saf. Environ. Prot.: Trans.
Inst. Chem. Eng. B 77 (1999) 88–92.

[4] A.Z. Redding, S.E. Burns, Organoclay sorption of benzene as a function of total
organic carbon content, J. Colloid Interface Sci. 250 (2002) 261–264.

[5] R.T. Upson, S.E. Burns, Sorption of nitroaromatic compounds to synthesized
organoclays, J. Colloid Interface Sci. 297 (2006) 70–76.

[6] L.Z. Zhu, D.D. Ma, B.L. Chen, Sorption properties and mechanism of phenan-
threne to dual-cation organobentonites, Environ. Chem. 19 (2000) 256–261 (in
Chinese, with English abstract).

[7] H. Chen, R.Q. Yang, Attenuating toluene mobility in loess soil modified with
anion–cation surfactants, J. Hazard. Mater. 94 (2002) 191–201.

[8] B.L. Chen, L.Z. Zhu, S. Tao, Effect of nonionic surfactant on sorption behavior of
phenanthrene on interface between soil and water, Acta Scientiae Circumstan-
tiae 23 (2003) 1–5 (in Chinese, with English abstract).

[9] S.Y. Lee, S.J. Kim, Adsorption of naphthalene by HDTMA modified kaolinite and
halloysite, Appl. Clay Sci. 22 (2002) 55–63.

10] J.Q. Jiang, Z.Q. Zeng, Comparison of modified montmorillonite adsorbents. Part
II. The effects of the type of raw clays and modification conditions on the
sorption performance, Chemosphere 53 (2003) 53–62.

11] B. Gao, X.R. Wang, J.C. Zhao, G.Y. Sheng, Sorption and cosorption of organic
contaminant on surfactant-modified soils, Chemosphere 43 (2001) 1095–1102.

12] W.J. Zhou, K. Zhu, Sorption behaviors of aromatic anions on loess soil modified
with cationic surfactant, J. Hazard. Mater. 100 (2003) 209–218.

13] G.Y. Sheng, S.A. Boyd, Polarity effect on dichlorobenzene sorption by hexade-
cyltrimethylammonium exchanged clays, Clays Clay Miner. 48 (2000) 43–50.

14] Z.H. Li, Sorption of ionizable organic solutes by surfactant-modified zeolite,
Environ. Sci. Technol. 34 (2000) 3756–3760.

15] Z.H. Li, L. Gallus, Surface configuration of sorbed hexadecyltrimethylammo-
nium on kaolinite as indicated by surfactant and counterion sorption, cation
desorption, and FTIR, Colloids Surf. A: Physicochem. Eng. Aspects 264 (2005)
61–67.

16] Y.H. Hsu, M.K. Wang, C.W. Pai, Y.S. Wang, Sorption of 2,4-dichlorophenoxy pro-
pionic acid by organo-clay complexes, Appl. Clay Sci. 16 (2001) 147–159.

17] S.Y. Lee, W.J. Cho, P.S. Hahn, M. Lee, Y.B. Lee, K.J. Kim, Microstructural changes
of reference montmorillonites by cationic surfactants, Appl. Clay Sci. 30 (2005)
174–180.

18] C.C. Wang, L.C. Juang, C.K. Lee, T.C. Hsu, J.F. Lee, H.P. Chao, Effects of exchanged
surfactant cations on the pore structure and adsorption characteristics of mont-
morillonite, J. Colloid Interface Sci. 280 (2004) 27–35.
19] G.M. Haggerty, R.S. Bowman, Sorption of chromate and other inorganic anions
by organo-zeolite, Environ. Sci. Technol. 28 (1994) 452–458.

20] B.S. Krishna, D.S.R. Murty, B.S. Jai Prakash, Surfactant-modified clay as adsor-
bent for chromate, Appl. Clay Sci. 20 (2001) 65–71.

21] Z.H. Li, R.S. Bowman, Sorption of chromate and PCE by surfactant-modified clay
minerals, Environ. Eng. Sci. 15 (1998) 237–245.



4 rdous

[

[

[

[

[

[

[

[

[

[

[

[

[

G

A

98 Z.-F. Meng et al. / Journal of Haza

22] Z.F. Meng, Y.P. Zhang, Cd2+ adsorption of organic modified soils and its tem-
perature effect, Acta Pedolog. Sin. 42 (2005) 238–246 (in Chinese, with English
abstract).

23] V.A. Oyanedel-Craver, J.A. Smith, Effect of quaternary ammonium cation load-
ing and pH on heavy metal sorption to Ca bentonite and two organobentonites,
J. Hazar. Mater. 137 (2006) 1102–1114.

24] V.A. Oyanedel-Craver, M. Fuller, J.A. Smith, Simultaneous sorption of benzene
and heavy metals onto two organoclays, J. Colloid Interface Sci. 309 (2007)
485–492.

25] G.Y. Sheng, S.H. Xu, S.A. Boyd, Cosorption of organic contaminants from water
by hexadecyltrimethyl-ammonium exchanged clays, Water Res. 30 (1996)
1483–1489.

26] G.Y. Sheng, S.H. Xu, S.A. Boyd, Mechanism(s) controlling sorption of neutral
organic contaminants by surfactant derived and natural organic matter, Envi-
ron. Sci. Technol. 30 (1996) 1553–1557.

27] S. Sharmasarkar, W.F. Jaynes, G.F. Vance, BTEX Sorption by Montmorillonite
Organo-Clays: TMPA, Adam, HDTMA, Water Air Soil Pollut. 119 (2000) 257–
273.
28] G.Y. Sheng, S.H. Xu, S.A. Boyd, A dual function organoclay sorbent for lead and
chlorobenzene, Soil Sci. Soc. Am. J. 63 (1999) 73–78.

29] Z.F. Meng, Y.P. Zhang, G.D. Wang, Sorption of heavy metals and organic pollu-
tants on modified soil, Pedosphere 17 (2007) 235–245.

30] J.G. Weers, J.F. Rathman, F.U. Axe, C.A. Crichlow, L.D. Foland, D.R. Scheuing, R.J.
Wiersema, A.G. Zielske, Effect of the intramolecular charge separation distance

A

M
S

Materials 159 (2008) 492–498

on the solution properties of betaines and sulfobetaines, Langmuir 7 (1991)
854–867.

31] K. Kato, H. Kondo, A. Morita, K. Esumi, K. Meguro, Synthesis of polystyrene
latex with amphoteric surfactant and its characterization, Colloid Polym. Sci.
264 (1986) 737–742.

32] J.A. Dean, Lange’s Handbook of Chemistry, 15th ed., McGraw-Hill Professional,
New York, 1999.

33] S. Andini, R. Cioffi, F. Montagnaro, F. Pisciotta, L. Santoro, Simultaneous adsorp-
tion of chlorophenol and heavy metal ions on organophilic bentonite, Appl.
Clay Sci. 31 (2006) 126–133.

34] J.Y. Yoo, J. Choi, T. Lee, J.W. Park, Organobentonite for sorption and degradation
of phenol in the presence of heavy metals, Water Air Soil Pollut. 154 (2004)
225–237.

lossary

mphoteric modified soil: The soil was modified with amphoteric surface modifier.
mphoteric surface modifier: Its molecular structure consist of both hydrophobic and

hydrophilic groups, the hydrophobic group consists of a long carbon chain con-

taining 8–18 carbon atoms, and the hydrophilic portion has two charged groups,
one is positively charged and the other group is negatively charged.

odified soil: The soil was modified with surface modifier.
urface modifier: The compound used to modify the soil or clay surface.
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