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bstract

Adsorption of three surfactants of different nature, Triton X-100 (TX100) (non-ionic), sodium dodecylsulphate (SDS) (anionic) and octade-
yltrimethylammonium bromide (ODTMA) (cationic) by four layered (montmorillonite, illite, muscovite and kaolinite) and two non-layered
sepiolite and palygorskite) clay minerals was studied. The objective was to improve the understanding of surfactant behaviour in soils for the pos-
ible use of these compounds in remediation technologies of contaminated soils by toxic organic compounds. Adsorption isotherms were obtained
sing surfactant concentrations higher and lower than the critical micelle concentration (cmc). These isotherms showed different adsorption stages
f the surfactants by the clay minerals, and were classified in different subgroups of the L-, S- or H-types. An increase in the adsorption of SDS and
DTMA by all clay minerals is observed up to the cmc of the surfactant in the equilibrium solution is reached. However, there was further TX100

dsorption when the equilibrium concentration was well above the cmc. Adsorption constants from Langmuir and Freundlich equations (TX100
nd ODTMA) or Freundlich equation (SDS) were used to compare adsorption of different surfactants by clay minerals studied. These constants
ndicated the surfactant adsorption by clay minerals followed this order ODTMA > TX100 � SDS. The adsorption of TX100 and ODTMA was
igher by montmorillonite and illite, and the adsorption of SDS was found to be higher by kaolinite and sepiolite. Results obtained show the

nfluence of clay mineral structure and surfactant nature on the adsorption capacity of surfactants by clays, and they indicate the interest to consider
he soil mineralogical composition when one surfactant have to be selected in order to establish more efficient strategies for the remediation of
oils and water contaminated by toxic organic pollutants.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The presence of toxic hydrophobic organic compounds
HOCs) from industrial or agricultural activities, accidental
pills or uncontrolled dumping in soils and aquifers is increas-
ngly frequent and generates important environmental problems.
n recent years, this has given rise many investigations aimed at

eveloping biological and physicochemical techniques related to
he remediation of such systems (soils and water) contaminated
y these organic compounds [1,2].

∗ Corresponding author. Tel.: +34 923 219606; fax: +34 923 219609.
E-mail address: mjesussm@usal.es (M.J. Sánchez-Martı́n).
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rfactant nature; Clay structure

HOCs are adsorbed by soil and sediment components (clay
inerals and organic matter), which limits the rate of their

xtraction from aquifers by conventional technologies such as
he successive pumping of water (pump-and-treat). A novel
echnology in this field is based on HOC extraction by means
f a mobile phase that increases their mobility, controlled
y the increase in the apparent solubility of the compound
n water. An increase in the efficiency of this process has
een achieved with in situ surfactant-enhanced soil flushing
echnology [3,4]. Surfactants are good solvents of sparingly

oluble organic compounds. Their addition to the hydrophobic
ollutant–water system can increase the apparent solubility of
he pollutant by its adsorption in the hydrophobic interior of
he micelles or aggregates of surfactant molecules formed from
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and 14C-labelled SDS with a specific activity of 2.00 MBq/mg
(≥95% purity) were supplied by Aldrich Chemical Co (Mil-
waukee, WI). Octadecytrimethylammonium bromide-ODTMA
(CH3(CH2)17N(Br)(CH3)3) was supplied by Sigma–Aldrich. It

Table 1
Characteristics of the clay minerals studied

Clay
mineral

CEC
(cmol/kg)

OC (%) Specific surface
(m2/g)

d (0 0 1)
(Å)

Montmorillonite 82 0.06 750a 13.4
Illite 15 1.74 57 10.0
Kaolinite 6.1 0.10 12 7.16
Muscovite 21 0.10 105a 10.0 (12.6)b
16 M.J. Sánchez-Martı́n et al. / Journal o

given concentration, known as critical micelle concentration
cmc). In fact, in recent years many investigations have indicated
urfactant-enhanced desorption for organic pollutants on soils
5–8]. However, although surfactants may facilitate the trans-
ort of solubilized pollutants, they themselves may be adsorbed
y the soil matrix [9–11].

The adsorption of surfactants by soils can result in much
urfactant being unavailable for the micellar solubilization of
OCs, thereby decreasing its efficiency for desorption. The pres-

nce of adsorbed or immobilized surfactant in soils gives rise
o the partition or adsorption of HOCs in the soil–water sys-
em, which may contribute to a decrease in the desorption of
rganic compounds [12]. Therefore, the efficacy of a surfactant-
ased remediation technology will depend on the distribution
f the pollutant in the soil–water system between the surfactant
dsorbed and the surfactant in solution (micelles). On the other
and, this property of surfactants (especially of cationic type) to
e adsorbed by soil components enables the creation of adsor-
ent zones for the immobilization of HOCs in soils and can be
sed in technologies aimed at preventing the pollution of waters
y these compounds [13–15].

Surfactant adsorption by soils depends on the type of surfac-
ant and the soil properties. In this sense, the results of different
tudies addressing the adsorption of anionic and non-ionic
urfactants by soils with different composition have revealed
iscrepancy when attempting to establish the mechanisms by
hich these compounds are adsorbed by the soil. Whereas some

uthors have reported a relationship between adsorption and the
oil organic matter content [16,17], others have found a rela-
ionship between adsorption and the soil clay content [18–20].
espite these differences, however, only some works [21,22]
ave attempted to study the influence of the mineralogical com-
osition of the clay fraction in the adsorption of surfactants to
xplain the behaviour of such compounds in the soil.

Considering the great variability of the soil mineralogical
omposition, the objective of the present work was to determine
he adsorption capacity of surfactants by different clay minerals,
nd the influence in this process of the ionic or non-ionic nature
f the surfactant and its concentration in the clay mineral–water
ystem. Results from this investigation will provide additional
nsight to evaluate the possibility of using surfactants both in
ater-decontaminating techniques and for preventing pollution
y HOCs and to establish more efficient soil remediation strate-
ies.

To achieve our objective, we studied the adsorption of
hree surfactants of different type: Triton X-100 (TX100)
non-ionic); sodium dodecylsulphate (SDS) (anionic) and
ctadecyltrimethylammonium bromide (ODTMA) (cationic) by
ix clay minerals, four layered (montmorillonite (M), illite (I),
uscovite (Mu) and kaolinite (K)), and two non-layered (sepio-

ite (S) and palygorskite (P)), frequently present in soils. Bearing
n mind the surfactant property of existing in aqueous solution as

onomers or micelles, depending on their concentration, con-

entrations lower and higher than the cmc of the surfactant were
sed. The surfactants TX100 and SDS were selected because
hey have been reported to be effective for the removal of various
ydrophobic pollutants from different supports and ODTMA
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as selected as model of a cationic surfactant. We used a series
f clay minerals in this study because work published in the liter-
ture on the adsorption of surfactants only covers some isolated
inerals.

. Materials and methods

.1. Clay minerals

A series of clay minerals (<1 mm) with different structures,
epresentative of the different types of clays in soils, were used
n the study: Tidinit montmorillonite (M) (Morocco), Cuenca
aolinite (K) (Spain), Peñausende muscovite (Mu) (Spain), Val-
ecas sepiolite (S) (Spain), Bercimuel palygorskite (P) (Spain)
nd Fithian illite (I) (Illinois) from the American Petroleum
nstitute. The characteristics of these samples are included in
able 1. The cation exchange capacity (CEC) was determined by

he ammonium acetate method [23]. Carbon content was deter-
ined using an automatic Wösthoff Carmograph 12H Omega

Bochum, Germany) carbon analyzer. Specific surface area was
etermined by the N2 adsorption–desorption method at −196 ◦C
n an Micromeritics Gemini analyzer (Norcross, USA). Also,
he internal surface area was determined for montmorillonite and

uscovite, using the method of Dyal and Hendricks [24]. Natu-
al clay minerals and these samples treated with the surfactants
ere studied qualitatively by the X-ray diffraction technique

25] using Cu K� radiation on a PW1710 Philips Analytical
iffractometer controlled by a X’Pert Quantify software (EA
lmelo, The Netherlands).

.2. Surfactants

Polyethylene glycol tert-octylphenyl ether-Triton X-100
TX100) was supplied by Sigma–Aldrich (St. Louis, MO). It is a
on-ionic surfactant (C8H17C6H4(OCH2CH2)xOH) with a cmc
f 0.15 g/L (0.24 mM) [26] and it has an average of 9.5 ethylene
xide units per molecule with an average molecular weight of
25 g/mol. Sodium dodecylsulphate-SDS (C12H24NaSO4) is an
nionic surfactant with a cmc of 2.38 g/L (8.25 mM) [5] and its
olecular weight is 288.4 g/mol. Unlabelled SDS (95% purity)
epiolite 5.0 0.08 189 12.3
alygorskite 27 0.46 254 10.6

a Total superficial area.
b Impurities of montmorillonite.
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s a cationic surfactant with a cmc of 0.12 g/L (0.30 mM) [27],
nd a molecular weight of 392.5 g/mol. The three surfactants
ere used as received.

.3. Adsorption isotherms

Adsorption isotherms of surfactants by clay minerals
ere obtained using the batch equilibrium technique. A sor-
ent/solution ratio of 1:200 was used to study adsorption of
X100 or SDS, and a lower sorbent/solution ratio of 1:500
as used to study adsorption of ODTMA to avoid removal
f too much solute and to allow accurate determination of
esidual values of surfactant. A series of surfactant solutions
ith concentrations in the range 25–10,000 �g/mL were used,

he purpose was to include lower and higher concentrations
hat the cmc of each surfactant. The suspensions were shaken
ntermittently at adequate temperature to maintain surfactant
n solution (30 ± 2 ◦C) for 24 h in a thermostatted chamber
1 h every 2 h). Preliminary experiments revealed contact for
4 h to be long enough for equilibrium to be reached. Subse-
uently, the suspensions were centrifuged at 4000–10,000 rpm
or 5–30 min, and the surfactant equilibrium concentration was
etermined. The amount of surfactant adsorbed was considered
o be the difference between that initially present in solution
nd that remaining after equilibration with the clay mineral. All
xperiments were carried out by duplicate or triplicate when
ecessary.

.4. Analytical determination of surfactants

TX100 concentrations were determined in the equilibrium
olutions by UV spectroscopy at 223 nm using a Varian Cary 100
pectrophotometer (Palo Alto, CA). The linear range of TX100
oncentrations used to determine the equilibrium concentrations
as 1–100 �g/mL (r ≥ 0.99; p < 0.001). Higher concentrations

han this range were previously diluted. To determine the 14C-
DS concentration at equilibrium, a 1-mL aliquot of supernatant
olution was withdrawn from each tube, 4 mL of scintillation
iquid was added, and its activity was measured in disinte-
rations per minute (dpm) on a LS 6500 liquid scintillation
ounter (Beckman Coulter, Fullerton, CA). In all solutions,
eterminations were carried out in duplicate, and the coeffi-
ient of variation was always <2%. The dpm value recorded
or the supernatant aliquot was related to the dpm obtained for
he aliquots of the respective standards of surfactant solutions
nd the equilibrium concentration was determined. ODTMA
oncentrations were carried out from the total organic carbon
etermination in solution using an carbon analyzer Shimadzu
050 (Shimadzu, Columbia, MD). Potassium hydrogen phtha-
ate (>99.95% of purity) (Sigma–Aldrich) was used to prepare
tandards in the range of 10–1000 �g/mL concentrations. Deter-
inations of all surfactants were always performed against a

lay mineral blank to correct for possible interferences in the

easurement of the surfactant, and clay-free controls were also

reated in the same way as the samples to quantify the loss of
ompounds through mechanisms other than sorption by clay
inerals.
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.5. Data analysis

Adsorption data were fitted to the Freundlich and Langmuir
odels. The linearized form of the Freundlich adsorption equa-

ion is: log Cs = log Kf + nf log Ce, where Cs (mg/g) is the amount
f adsorbed surfactant; Ce (�g/mL) is the equilibrium concen-
ration of surfactant in solution, Kf(mg1−nf Lnf/g) is a constant
hat indicate the adsorption capacity of surfactants by clay min-
rals and nf is a coefficient which indicate the variation in
dsorption as a function of concentration. The linearized form of
angmuir adsorption equation is Ce/Cs = Ce/K1 + 1/K1K2 where
1 (mg/g) is a constant that indicate the adsorption maxi-
um capacity of surfactants by clays and K2 (L/mg) is an

ndex of adsorption energy and determines the magnitude of
he initial slope of the isotherm. Standard deviation (S.D.) was
sed to indicate variability in the adsorption constants among
uplicates.

. Results and discussion

.1. Adsorption of Triton X-100

Adsorption isotherms of TX100 by all the clay minerals stud-
ed are shown in Fig. 1. Fig. 1A shows the isotherms in the
omplete range of concentrations used (25–10,000 �g/mL) and
ig. 1B shows the isotherms in enlarged scale up to when the first
egree of saturation of the clay mineral surface was obtained.
ccording to the initial slope of the isotherms they correspond

o the L- and S-types [28]. L-type isotherms indicate an initial
apid adsorption and an adsorption that becomes increasingly
ore difficult for the adsorbate molecules as the sites are filled.
hese isotherms point to a strong interaction between the surfac-

ant and the clay surface and were obtained for montmorillonite
nd illite. The S-type isotherms indicate an increased affinity
or the adsorbate: the more solute there is already adsorbed, the
asier it is for additional amounts to become fixed. This implies
side-by-side association between adsorbed molecules, helping

o hold them to the surface and these isotherms were obtained
or muscovite, kaolinite, sepiolite and palygorskite.

Additionally, based on the shapes of the upper part of the
urves, all isotherms can be classified in subgroup 4 of the L-
nd S-types of Giles’ classification [28], with a first plateau (or
nflection), a linear portion and a second plateau. The adsorption
f TX100 by the different clay minerals should occur in the form
f monomers until the first plateau, or first degree of saturation
f the adsorbent surface, forming a monolayer or hemimicelle of
urfactant. The adsorption limit is reached when the surfactant
s present in the clay-surfactant system equilibrium solution at
oncentrations close to or slightly above the cmc (150 �g/mL);
.e., when the molecules of surfactant in solution begin to form

icelles and equilibrium is set up between the monomers of sur-
actant that tend to form micelles in solution and those that tend
o be retained by the clay surface [29,30]. This situation is given

or TX100 initial concentrations in solution of <1000 �g/mL in

; <750 �g/mL in I and S and <250 �g/mL in K, Mu and P indi-
ating differences in the adsorption capacity of the surfactant by
he clay minerals studied.
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ig. 1. Adsorption isotherms of Triton X-100 by all the clay minerals studied
aturation of the clay mineral surface was obtained (B).

The adsorption of surfactant monomers should occur through
n ion-dipole-type interaction or hydrogen bond between the
ydrophilic or polar part of the surfactant molecule and the water
olecules around the exchange cations of the clay minerals, as

ccurs with other polar organic compounds [31,32].
After the first plateau, the isotherms of all clay minerals show

rapid increase in TX100 adsorption with the concentration of
urfactant before to reach a more or less irregular stabilization
f adsorption. This increase in adsorption should give rise to
he formation of a bilayer or admicelle by adsorption of sur-
actant monomers on the hemimicelles present on the surface
f the adsorbent, through van der Waals forces. The additional
dsorption of TX100 increased rapidly for the clay minerals
, I and S with isotherms showing a short first plateau, indi-

ating that the molecules of adsorbed TX100 expose a surface
hat has nearly the same affinity for more solute as the origi-
al surface had. The longer plateau shown by the isotherms of
u, K and P would indicate that a high-energy barrier must
e overcome before additional adsorption can occur on new
ites. Addressing the adsorption of other non-ionic surfactants
y montmorillonite, some authors have also indicated dispersion
f clays in the presence of elevated surfactant concentrations as

e
a
1
n

complete range of concentrations used (A) and up to when the first degree of

ossible cause of this rapid increase in adsorption [33], or the
etention of surfactant micelles in the remaining voids of the
lay surface or between the structures forming the admicelles
fter a sufficiently large critical mass of surfactant has been
dsorbed [34]. Yuan and Jafvert [35] explained this situation on
he basis of the presence of mixtures of surfactant oligomers
ith different chain lengths and with different adsorption

haracteristics.
The isotherms obtained were fitted to the Freundlich

dsorption equation (r ≥ 0.88, p < 0.001) and to the Langmuir
dsorption equation (r ≥ 0.91, p < 0.001) and the values of the
f and nf (Freundlich) and K1 and K2 (Langmuir) constants
re included in Table 2. The K1 values ranging between 99
nd 385 mg/g. The highest values correspond to the layered
inerals M and I and the non-layered mineral S in agreement
ith the information obtained from the shape of the isotherms.
he K2 values, related to the energy of the adsorbent–adsorbate

nteraction, range between 0.0004 (K) and 0.0086 (M), the high-

st values also corresponding to the minerals with the highest
dsorption capacity. Kf constant values range between 0.30 and
5.5, varying in the same sense as the K1 values. The values of
f are very low (0.29–0.71), indicating considerable variation in
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Table 2
Freundlich constants (Kf, nf), Langmuir constants (K1, K2) and correlation coefficients (r) for the adsorption of Triton X-100 by clay minerals

Clay mineral Kf ± S.D.a nf ± S.D.a r K1 ± S.D.a K2 r

Montmorillonite 11.5 ± 2.56 0.45 ± 0.02 0.97 385 ± 1.13 0.0086 0.99
Illite 15.5 ± 0.57 0.29 ± 0.01 0.98 175 ± 1.73 0.0079 0.99
Muscovite 0.32 ± 0.00 0.69 ± 0.02 0.94 111 ± 3.27 0.0008 0.91
Kaolinite 0.30 ± 0.04 0.71 ± 0.05 0.96 166 ± 11.5 0.0004 0.91
S
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On the basis of their initial slope (Fig. 3), the isotherms of
SDS adsorption by the clay minerals studied, obtained in a con-
centration range between 25 and 10,000 �g/mL, correspond to
the S-type of the classification of Giles et al. [28]. However,
epiolite 2.80 ± 0.37 0.54 ± 0.03
alygorskite 0.37 ± 0.06 0.68 ± 0.04

a Data are given by mean ± standard deviation.

dsorption with the concentration of surfactant in solution, as
xpected from the shape of the isotherms.

The value of K1 found for the adsorption of TX100 by
ontmorillonite lies within the range of values found for the

dsorption of other non-ionic surfactants, such as Brij 56 and
gepal CO 720 by smectite [33] and Brij 35 by different mont-
orillonites [34]. The greatest adsorption of TX100 by M with

espect to the other minerals studied can be explained by its
igh specific surface, the surfactant is adsorbed into the inter-
ayer space of the mineral, in agreement with the increase in
he d (0 0 1) basal spacing observed only in this silicate by X-
ay diffraction (Fig. 2). This spacing increases from 13.4 Å in
he natural sample to 17.8 Å when the concentration of TX100
ncrease, indicating the intercalation of the surfactant into the
nterlayer space of the montmorillonite. The increase of 8.2 Å
ver the value of 9.6 Å of dehydrated M probably corresponds
n arrangement of the molecules adsorbed in two layers parallel
o the basal surface [33]. The d (0 0 1) spacing was not further
ncreased for initial concentrations above 6000 �g/mL indicat-
ng that the access of the surfactant to the interlayer space is
imited. In the rest of the clay minerals no modifications of the d
0 0 1) basal spacing was observed after the adsorption of TX100
ith respect to the natural samples.
The adsorption capacity of TX100 by the non-layered clay

ineral sepiolite is also high, although its specific surface is

esser than that of palygorskite. It can be explained by consid-
ring the possible adsorption of the surfactant on the structural
hannels of the mineral, greater than in the case of palygorskite
36].

ig. 2. Modification of the d (0 0 1) basal spacing of montmorillonite after
dsorption of Triton X-100, SDS and ODTMA at different concentrations.

F
c

0.88 172 ± 2.35 0.0081 0.98
0.93 99 ± 1.54 0.0011 0.94

.2. Adsorption of SDS
ig. 3. Adsorption isotherms of SDS by all the clay minerals studied in the
omplete range of concentrations used.
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Table 3
Freundlich constants (Kf, nf), Langmuir constants (K1, K2) and correlation coefficients (r) for the adsorption of SDS by clay minerals

Clay mineral Kf ± S.D.a nf ± S.D.a r K1 ± S.D.a K2 r

Montmorillonite 0.002 ± 0.001 1.04 ± 0.23 0.98 48.3 ± 7.39 0.0001 0.34
Illite 0.008 ± 0.003 1.04 ± 0.04 0.94 90.1 ± 9.69 0.0002 0.26
Muscovite 0.007 ± 0.001 0.88 ± 0.04 0.96 24.8 ± 1.91 0.0002 0.63
Kaolinite 0.010 ± 0.002 0.88 ± 0.05 0.96 87.0 ± 1.09 0.0001 0.30
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epiolite 0.016 ± 0.006 0.89 ± 0.04
alygorskite 0.006 ± 0.001 1.05 ± 0.09

a Data are given by mean ± standard deviation.

ccording to the shape of the upper part of the curve, they corre-
pond to different subgroups of this classification. The isotherms
btained for M, I and Mu correspond to subgroup 2, show-
ng a plateau indicating saturation of the adsorbent surface. An
sotherm with almost no plateau, corresponding to subgroup 3,
as obtained for K, indicating the possible adsorption of sev-

ral layers of the adsorbate by this mineral, and isotherms with
maximum corresponding to the subgroup mx were obtained

or the non-layered silicates (S and P).
The shape of the isotherms responds to different adsorption

tates of the surfactant by the different clay minerals studied
s in the case of the TX100 adsorption. An increase of surfac-
ant monomer adsorption occurs for all the minerals when the
DS concentration in solution increases until a point when the
urfactant concentration in the equilibrium solution reaches a
alue close to or slightly higher than the cmc (2.38 �g/mL).
n this state, the adsorption of SDS by M, I and Mu becomes
tabilized, forming a hemimicelle at the adsorbent surface. Liu
t al. [37] also indicated the stabilization of the SDS adsorp-
ion by soils when the cmc is reached, indicating the surfactant
dsorption by electrostatic forces with positive charges existing
n the edge surface of the minerals. This type of isotherm has
lso been described for the adsorption of the anionic surfactants
odecylbenzene sulphonate by kaolinite [38] and by soils [18],
erosol-OT and SDS by soils [39].
The adsorption of SDS by kaolinite increased, but without

ecoming stabilized in the concentration range studied. Ko et
l. [40] reported a plateau of SDS sorption by kaolinite at above
0 times the cmc of surfactant. For this mineral, the increase in
DS adsorption when the equilibrium concentration is greater

han the cmc would indicate a different mechanism of adsorption
f SDS monomers than for the rest of the layered clay min-
rals. SDS may be adsorbed by K as an anion owing to the
bility of this mineral to develop a variable charge and to adsorb
ompletely dissociated anions by ligand exchange [38,41]. The
dsorption of SDS by the layered minerals, M, I and Mu, should
ot be possible through the same mechanism of adsorption indi-
ated for K owing to their low anion exchange capacity and
he almost negligible variable charge that these minerals may
enerate [42].

The adsorption isotherms of SDS by the non-layered miner-
ls show a maximum before the stabilization of adsorption. A

reater interaction between the molecules of adsorbate in solu-
ion than between the molecules of adsorbate and the adsorbent

ust occur when the SDS concentration in solution increases
ue to an increase in the electrostatic repulsion between anionic

m

t
t

0.97 66.2 ± 4.08 0.0001 0.69
0.92 44.2 ± 1.21 0.0002 0.56

ead groups when total coverage of the non-layered mineral
dsorbent surface is attained [37].

The isotherms obtained for the complete range of concen-
rations used were fitted to the Freundlich adsorption equation
r ≥ 0.92, p < 0.001) and to the Langmuir adsorption equa-
ion (r ≥ 0.26). All adsorption constants obtained are included
n Table 3 although correlation coefficients of fitted Lang-

uir equation are not always significant. The Kf values ranged
etween 0.002 and 0.016. The highest values correspond to K
d S and the lowest to M. The nf values ranged between 0.88 and
.05, showing that there was no strong variation in adsorption
ith the concentration of surfactant in solution. The Kf values
btained were not related with the specific surface of clay min-
rals and they were always lower than those obtained for the
dsorption of TX100 (more than one order of magnitude), even
hough the cmc of SDS is very high (2.38 g/L) and the surfactant
s in the form of monomers over a broad concentration range.
his indicates the influence of the structure of the surfactant in

he adsorption process.
It should be noted that the adsorption of SDS by the different

lay minerals did not modify the d (0 0 1) basal spacing cor-
esponding to each of them, as seen from the X-ray diagrams
btained with samples treated with SDS at different concentra-
ions.

.3. Adsorption of ODTMA

Fig. 4 shows the adsorption isotherms of ODTMA by the
lay minerals in the complete range of concentrations studied
25–6000 �g/mL). These isotherms correspond to subgroup 2
f the H-type of Giles’ classification [28] for all the minerals
ndicating high affinity between the adsorbent and adsorbate.
dsorption was almost complete at low initial concentrations
f the adsorbate, the equilibrium concentration of the solution
eing very close to zero. When the surfactant concentration was
ncreased adsorption stabilizes and a plateau was reached. The
quilibrium concentration at which this plateau was reached
iffered from one mineral to another, although for all the clay
inerals it was completely attained for an initial concentra-

ion below the cmc of the surfactant (120 �g/mL) [43,44]. This
ype of isotherm has also been reported by other authors in
he adsorption of other cationic surfactants by different clay
inerals [45–47].
The isotherms obtained were fitted to the Freundlich adsorp-

ion equation, with values of (r ≥ 0.84 (p < 0.001) and to
he Langmuir adsorption equation, with higher correlation
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Fig. 4. Adsorption isotherms of ODTMA by all the clay minerals studied in the
complete range of concentrations used.
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Table 4
Freundlich constants (Kf, nf), Langmuir constants (K1, K2) and correlation coefficien

Clay mineral Kf ± S.D.a nf ± S.D.a

Montmorillonite 175 ± 1.81 0.21 ± 0.00
Illite 71.8 ± 0.82 0.15 ± 0.00
Muscovite 34.0 ± 0.26 0.11 ± 0.01
Kaolinite 29.6 ± 1.53 0.06 ± 0.01
Sepiolite 40.9 ± 1.08 0.18 ± 0.02
Palygorskite 32.6 ± 4.56 0.25 ± 0.19

a Data are given by mean ± standard deviation.
rdous Materials 150 (2008) 115–123 121

oefficients (r ≥ 0.99, p < 0.001). Table 4 shows the values of the
dsorption constants obtained from these equations for the dif-
erent minerals together with the linear correlation coefficients.
f constants ranged between 29.6 and 175, and the nf coefficients

anged between 0.06 and 0.25, indicating strong dependence of
he adsorption with the concentration of surfactant in solution.
he K1 values indicating the maximum ODTMA adsorption
apacity by the clay minerals ranged between 714 and 49.0. The
ighest adsorption value corresponded to montmorillonite with
he highest value of CEC and the order of adsorption for the
ifferent minerals was M > I > S > P > Mu > K. The adsorption
f ODTMA should occur through cation exchange of the inor-
anic cations of the clay minerals by the organic cations [43,48].
oreover, it was higher than that of TX100 for all the miner-

ls, with the exception of K and S, which have a very low CEC
Table 1).

ODTMA adsorption values as a function of the surfactant
nitial concentration were normalized with respect to the CEC
f each of the clay minerals. It was seen that the maximum
dsorption values lie in a broad range, representing 2.8; 4.1;
.1; 2.0; 8.6 and 1.8 times the CEC of M, I, Mu, K, S and
, respectively. These results show that there was not linear
elationship between adsorption and CEC of different clay min-
rals, the maximum adsorption of ODTMA was always greater
han the CEC of each of them, and this was depending on the
acking of organic cations on the mineral external surfaces. An
ncrease in the adsorption of organic cations by clay minerals
reater than the CEC has also been found for the adsorption
f hexadecyltrimethylammonium and benzyldimethyl tetrade-
ylammonium by M [49] and thioflavin-T for S [47]. Adsorption
reater than the CEC of the minerals is attained owing to the pres-
nce of initial concentrations several-fold higher than the CEC,
ut always lower than the cmc of the surfactant, which means
hat the surfactant is always in the form of monomers. The excess
DTMA adsorbed can be explained in terms of the additional

dsorption of molecules of ODTMA bromide by a hydropho-
ic interaction [45,48] or through a mechanism of molecular
ggregation [47].

The process of ODTMA adsorption by the clay minerals was
lso monitored by X-ray diffraction. Modification of the d (0 0 1)
asal spacing was only found in the case of montmorillonite.
his spacing increased from 13.6 Å in the natural sample to

1.1 Å in the samples treated with a solution of ODTMA at
concentration of 2000 �g/mL (Fig. 2). The increase in the

asal spacing observed upon increasing the concentration of
DTMA in solution ranged between 5 and 11.5 Å and must cor-

ts (r) for the adsorption of ODTMA by clay minerals

r K1 ± S.D.a K2 r

0.84 714 ± 3.34 0.290 0.99
0.90 188 ± 0.55 0.129 0.99
0.88 66.7 ± 0.15 0.089 0.99
0.89 49.0 ± 2.72 0.029 0.99
0.96 139 ± 1.37 0.069 0.99
0.88 158 ± 1.89 0.083 0.99
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espond to a monolayer, bilayer or pseudotrilayer arrangement
f ODTMA molecules, with the hydrocarbon chain parallel to
he surface of the silicate [45,50]. The d (0 0 1) spacing was not
urther increased even when the surfactant concentration was
ncreased three times more and the surfactant was present in
olution as micelles. Nevertheless, Mishael et al. [27] using tech-
iques of fragmentation and fluorescence electron microscopy
ave shown that under certain experimental conditions there is
vidence to suggest direct adsorption of ODTMA micelles by
ontmorillonite.
In the other clay minerals, no modifications in the d (0 0 1)

asal spacing with respect to the natural samples were observed
fter the adsorption of ODMTA. In the case of the non-layered
inerals S and P, the adsorption of ODTMA could occur in the

tructural channels owing to the similar size of the channels and
ead group of cationic surfactant [51].

. Conclusions

The surfactants TX100, SDS and ODTMA are adsorbed
y the clay minerals montmorillonite, illite, kaolinite, mus-
ovite sepiolite and palygorskite to a greater or lesser extent.
he adsorption isotherms obtained indicate different adsorption
tates for each of the clay minerals and for each of the surfactants.

hen the cmc of the surfactant in the equilibrium solution is
eached, adsorption tends stabilize, especially in the case of sur-
actants having charge (SDS and ODMTA). These compounds
re adsorbed as monomers and form hemimicelles on the adsor-
ent surface. In the case of TX100, adsorption by all the minerals
ncreases considerably when the equilibrium concentration is

uch higher than the cmc of the surfactant. This compound
ould be adsorbed forming admicelles on the adsorbent surface
r as micelles on voids remaining on the surface of the clays
r in the voids between the structures that form the admicelles
dsorbed. This situation does not occur with charged surfactants,
ossibly because adsorption is depending on the specific sites of
he clay minerals in accordance with their positive or negative
harge. The results obtained show that the highest adsorption
as obtained for the cationic surfactant ODMTA, except for the
inerals kaolinite and sepiolite, with a lower CEC. The greatest

dsorption of TX100 is seen for montmorillonite and illite, and
hat of SDS for kaolinite and sepiolite. It may be seen that the
dsorption of the surfactants by the clay minerals depends on
oth the nature of the surfactants and the structure of the clay
inerals. The results obtained indicate that the selection of a

urfactant, to be used in technologies aimed at soil and water
emediation or to prevent soil contamination by toxic organic
ompounds, requires a previous knowledge of the fraction clay
ineralogy of the soil where it is going to be applied. The type

f clay minerals will determine the efficiency of this technology
nd will permit to decide on the selection of a cationic, anionic
r non-ionic surfactant to be applied.
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