Available online at www.sciencedirect.com

S . Journal of
ScienceDirect

Hazardous
Materials

Journal of Hazardous Materials 147 (2007) 625-632

www.elsevier.com/locate/jhazmat

Adsorption of anionic surfactants onto sepiolite
Orhan Ozdemir?, Mustafa Cinar®, Eyiip Sabah®*, Fatma Arslan?®, Mehmet Sabri Celik ®

& Mineral & Coal Processing Section, Istanbul Technical University, Maslak 80626, Istanbul, Turkey
® Department of Mining Engineering, Dumlupinar University, 04300 Kiitahya, Turkey
¢ Department of Mining Engineering, Afyon Kocatepe University, 03200 Afyon, Turkey

Received 15 August 2006; received in revised form 15 January 2007; accepted 16 January 2007
Available online 20 January 2007

Abstract

Anionic surfactants constitute the main ingredients of detergents and a number of surfactant formulations used in a spectrum of diverse industries.
The aim of this study is to examine the amenability of natural sepiolite to the adsorption of anionic surfactants, sodium dodecylsulfate (SDS)
and sodium dodecylbenzenesulfonate (SDBS). Adsorption isotherms exhibit three regions with distinctly different slopes. The first region is
characterized by the complexation of anionic surfactants with Mg2* ions at the octahedral sheet or hydrogen bonding between the oxygen groups
of anionic head groups of surfactant and H* of the bound or zeolitic water. The Mg?* ions released from sepiolite leads to the precipitation of
magnesium salt of surfactant in the second region. The third region marks both the beginning of plateau region and micellar dissolution of the
precipitate. The effect of temperature on surfactant adsorption for SDS/sepiolite system was utilized to calculate such thermodynamic parameters

as the free energy of adsorption (AG |
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anionic surfactants onto sepiolite is entropically governed.
© 2007 Elsevier B.V. All rights reserved.

) and the heat of adsorption (A H,,.). The low value of AH,, (1.87kJ/mol) is an evidence for the physical
adsorption of anionic surfactants onto sepiolite. The relatively large value of entropic contribution (—TAS,

) indicates that the adsorption of
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1. Introduction

Sepiolite, a hydrated magnesium silicate [(Sij2)(Mgo)
030(OH)6(OH3)4H,0], belongs to a clay family of phillo-
silicates. It exhibits a fibrous structure and thus finds applications
in a variety of areas where sorptive, catalytic and rheological
properties are exploited. The sorptive property of sepiolite par-
ticularly renders it invaluable as a bleaching and clarifying agent,
filter aid, industrial absorbent and a spectrum of uses ranging
from cosmetics to paints and even fertilizers. Sepiolite is often
found associated with other clay and non-clay minerals such as
carbonates, quartz, felsdpar and phosphates. The most important
occurrences of sepiolite are found in Vallecas of Spain, Turkey,
Madagascar and Tanzania.

Adsorption of various metal ions onto sepiolite (Cd, Cu,
and Zn) for the treatment of wastewaters (Ni, Cd and Zn) has
been studied [1-3]. Among others including adsorption of dilute
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thiram on active carbon and sepiolite as a function of tempera-
ture [4], interaction of amines on sepiolite and palygorskite by
infrared measurements [5], removal of aromatic amines from
aqueous solutions by activated sepiolite [6] have been inves-
tigated. Uptake of ammonia [7], the access of cationic dye
(methylene blue) into the structural micropores of sepiolite [8],
adsorption mechanism of organic and inorganic ions by sepio-
lite [9], adsorption of primary and quarternary amines [10] and
adsorption of pyridine derivatives [11] are some other exam-
ples pertinent to our study. Anionic surfactants that constitute
the main ingredient of laundry detergents are extensively used
in cosmetics, dyeing of fabrics in textile industry and flota-
tion applications [12—14]. The presence of such surfactants in
the above industries and household uses, if discharged into
wastewater, can be detrimental to living species. Elimination of
surfactants from wastewater is very important to protect public
health [15].

It is therefore the objective of this study to investigate the
amenability of uptake of typical anionic surfactants, sodium
dodecylsulfate and sodium dodecylbenzenesulfonate by sepi-
olite and identify mechanisms responsible for their adsorption.
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Nomenclature

a; effective diameter of the ion in solution (A)

A lateral interaction coefficient

A, B constants characteristic of the solvent at the spec-
ified temperature and pressure

C equilibrium concentration (M)

Ci initial concentrations (M)

C; residual concentrations (M)

AGZG'S change in free energy of adsorption (kJ/mol)

AH:dS heat of adsorption (kJ/mol)

1 ionic strength (M)

K adsorbability of the surfactant molecule at infini-
tively low coverage

Ksp solubility product of a compound

m amount of solid (g)

m; molality (M)

n; adsorbate loading of component i (mol/kg)

N size ratio

R gas constant (1.987 calmol~! K1)

S specific surface area of solid (m?/g)

T temperature (K)

—TA Sst entropic contribution (kJ/mol)

Vv volume of the solution (ml)

Zi charge of the ith ion in solution

Greek symbols

Vi individual ion activity coefficient

r adsorption density (mol/m?)

0 degree of surface coverage of the mineral with the
collector molecule at I"/I'max

2. Experimental
2.1. Materials

The sepiolite sample used in this study was received from
Mayas Mining Co. in Sivrihisar, Turkey. This brown sepiolite
ground to minus 65 wm produced an average particle size (dso)
of 1.98 wm as determined by Zetasizer. The X-ray diffraction
and chemical analysis indicates that calcite and dolomite are the
major impurities accompanying sepiolite [10]. The surface area
of untreated sepiolite was found to be 68 m?/g by means of the
BET method using nitrogen as adsorbent. Complete chemical
analysis of the sepiolite is given in Table 1.

Sodium dodecylsulfate (SDS; Cj2Hy5504Na) and sodium
dodecylbenzenesulfonate (SDBS; C12Hy5CsH4SO3Na) as the
anionic surfactants, and hexadecyltrimethylammonium bromide
(HTAB; C16H33N(CH3)3Br) was used as titrant in the analysis of
anionic surfactants. SDS and HTAB were purchased from Fluka
and specified to be of high purity. SDBS, which assayed about
85% sulfonate, was also purchased from Fluka but contained a
mixture of different chains (Cjo: 5%, Cq1: 45%, C12: 35%, and
C13: 15%). Distilled and deionized water with a conductivity
value of 2 x 1076 mho s/cm was utilized in all experiments.

Table 1

Chemical composition of sepiolite

Compound wt%
SiOy 51.93
CaO 0.12
K,O 0.33
ALLO3 1.52
MgO 24.20
TiO, 0.08
Fe, 03 0.70
Na, 0 0.12
LOI* 21.00

2 Lost on ignition.

2.2. Methods

Electrokinetic measurements were carried out with a Zeta
Meter 3.0 equipped with microprocessor unit. It automatically
calculates the electrophoretic mobility of particles and converts
it to the zeta potential. One gram of mineral was conditioned
in 100 ml of distilled water for 10 min. The suspension was
kept still for Smin to get larger particles settle. The samples
were taken from the actual supernatants following the adsorp-
tion tests. About 25 ml of supernatant was removed from the
adsorption test vial and introduced into the electrophoresis cell.
An appropriate amount of sepiolite particles was pipetted out of
the sepiolite bed and placed in the cell. This procedure assured
the measurements under in situ conditions. Each data point is an
average of approximately 10 measurements.

Adsorption tests were conducted in 20 or 40 ml glass vials. A
sepiolite sample of 500 mg was mixed in 10 ml or its multiples
with a solid to liquid ratio of 0.05. The vials were shaken for
2h on a shaker and centrifuged at 5000 rpm for 15 min. The
supernatant was analyzed for the anionic surfactant by a two-
phase titration technique using dimidium bromide and disulfine
blue as indicators [16]. This technique is based on the formation
a complex between anionic surfactant and cationic surfactants;
this complex is soluble in chloroform and changes from pink to
blue in the presence of indicators.

Magnesium ion concentration was determined from the
actual supernatants following the adsorption tests either in the
absence or presence of surfactant using the Atomic Absorption
Spectrometer.

The amount precipitated was determined by contacting solu-
tions of 10~3 M/l MgCl, with varying concentrations of SDS and
SDBS. All solutions were centrifuged at 5000 rpm for 15 min or
more until a clear supernatant was obtained; the supernatant was
analyzed for sulfonate concentration. The difference between
initial and residual concentration of the surfactant was converted
to the amount of surfactant lost due to precipitation.

The adsorption density was calculated by the following for-
mula [17]:

(Ci—-C)xV

- U 1
m x S x 1000 M

where C; and C; represent the initial and residual concentrations
in M, m the amount of solid in grams, V the volume of the solution
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in ml, S the specific surface area of sepiolite in m?/g and I is the
adsorption density in mol/m?. The concentration of magnesium
was analyzed by atomic absorption spectrometer.

3. Results and discussion
3.1. Elektrokinetic properties of sepiolite

Sepiolite undergoes acid—base interactions in the vicinity of
pH 8.5 and thus exhibits a strong buffering capacity, particularly
in the acidic pH. It takes less than a minute for a sepiolite sus-
pension adjusted to pH 3 to attain its natural pH of 8.5. Since
Mg ions located in the octahedral sheet are conducive to ion
exchange, they are released into solution, as the pH is made
more acidic. It should be noted that while the Mg concentra-
tion at natural pH is about 20 ppm, it is about 400 ppm at pH
3 [18]. Zeta potential measurements conducted as a function of
solids concentration revealed significant differences. The zeta
potential-pH profile of sepiolite at two different solids concen-
tration is presented in Fig. 1. It is seen that the isoelectric point
(iep) of sepiolite at 0.2% solids concentration yields 3.2 and
that at 5% gives 6.3. Such difference can be explained on the
basis of increased Mg concentration at high solids concentration.
Increasing the solids concentration from 0.2 to 5% proportion-
ally shifts the zeta potential values from negative to more positive
values; this behavior was also found in the case of colemanite
(CayB5011-5H;0), which yielded an iep of 8.5 at 0.1% solids
concentration and 10.5 at 1% solids concentration [19].

3.2. Effect of solids concentration on adsorption

Sepiolite is a good adsorbent for polar molecules such as
water and ammonia and non-polar compounds and to a lesser
extent methyl and ethyl alcohols [12]. In batch systems, because
the volume of the liquid in suspension is fixed, the extent of
adsorption is primarily controlled by the conditioning or equi-
librium time. Fig. 2 illustrates the effect of solids concentration
on adsorption density of SDS and SDBS onto sepiolite. The
adsorption density (mol/m?) decreases at a higher slope with
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Fig. 1. The zeta potential-pH profile of sepiolite at two different solids concen-
tration.
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Fig. 2. Effect of solids concentration on adsorption density of SDS and SDBS
onto sepiolite (C; =1 x 1073, pH 8.25 £0.15).

increasing the solids concentration up to 50 mg/ml and proceeds
with a lower slope for both surfactants above it. Therefore, the
rest of the adsorption tests were conducted at 50 mg/ml (5% by
wt) solids concentration.

3.3. Effect of conditioning time on adsorption

Conditioning time in adsorption systems generally reveals the
nature of adsorption. Short equilibrium time often reflects the
physical adsorption, whereas; longer equilibrium times indicate
either chemical adsorption or difficulty to the access of col-
lector to micro pores. The adsorption data in Fig. 3 show that
the required time for both surfactants to reach equilibrium is
about 60 min; this relatively short time indicates that adsorption
is indeed governed by physical interactions. However, adsorp-
tion of sulfonate onto kaolinite has been shown to take several
days [20].

3.4. Effect of surfactant concentration on adsorption
In order to determine the mechanism of adsorption process,
the adsorption of anionic surface-active agents has been studied

as a function of residual concentration and the corresponding
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Fig. 3. Effect of conditioning time on adsorption density of SDS and SDBS onto
sepiolite (C;=1 x 1073, pH 8.2 £ 0.2).
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Fig. 4. Abstraction isotherms of SDS and SDBS onto sepiolite at pH 8.5 £+ 0.5
along with the variation of Mg ion concentration.

abstraction isotherms for both SDS and SDBS are presented in
Fig. 4. Here abstraction refers to the total depletion of surfactant
from the solution in the form of both adsorption and precipitation
as follows:

abstraction = adsorption + precipitation 2)

Accordingly, in order to obtain the net adsorption isotherm
precipitation values need to be subtracted from those of abstrac-
tion. The abstraction isotherms exhibit three regions of interest.
The first region (I), which is characterized by the molecular inter-
actions, e.g. complexation or hydrogen bonding on the sepiolite
surface, extends up to approximately 10~3 M residual surfactant
concentration. The second region (II) marks the onset of pre-
cipitation of magnesium alkylsulfate or alkylbenzenesulfonate
and/or that of chain—chain interactions. Finally, the third region
(IIT) represents the plateau region.

In the second region, the formation of MgR, (magnesium
dodecylsulfate or magnesium dodecylbenzenesulfonate) precip-
itate is plausible on thermodynamic grounds. Here R refers to
the alkylsulfate or alkylbenzenesulfonate chain. The appearance
of precipitation in the bulk is an indication of surface precipi-
tate formation on the sepiolite surface. Surface precipitate and
hemimicelles show similarities and are thus thermodynamically
indistinguishable [21,22].

Mg ion concentration in the bulk increases with a decrease
in pH. While the Mg ion concentration at the natural pH of
8.5 is 3.5x 107*M, it is 1072 at pH 2. In order to deter-
mine the onset of precipitation and the corresponding solubility
product, a series of precipitation tests were carried out. It
is envisaged that the Mg+ ions released from sepiolite into
solution interacts with long chain surfactants leading possi-
bly to the formation of MgR,. As seen in Fig. 5, the onset
of precipitation for SDS occurs at 1.4 x 1073 M and that of
complete dissolution at 9.5 x 1073 M. The solubility product
of Mg precipitate in the presence of SDS can be calculated
assuming the onset of precipitate formation at 1.4 x 1073 M
and Mg ion concentration of 1.49 x 107*M at the onset of
precipitation.
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Fig. 5. The ratio of residual and initial surfactant concentration against residual
surfactant concentration in the presence of 10~ M MgCl, sepiolite supernatant
atpH 8.5£0.5.

The ionic strength of the solution under these conditions can
be calculated as follows:

1
1= > miz} 3)

Using the Debye—Huckel equation [23]:

Az,-zx/i

_1 —I—aiB«/T @

log y; =

The individual activity coefficient for Mg?* ion can be calcu-
lated as yme > =0.85 by taking; A =0.5085, B=0.3281 x 1078,
a;=8 x 108 for 25 °C. If we make the same calculation for the
DS ion using a; =4 x 108 [24], it comes out as yps~ =0.96 by
plugging these values in the solubility product equation:

KSp = dMngZ azDS_ (5)

Ko = (Mugr2 Cutgs2) (V- CA) 6)

The solubility product for MgDS assuming the formation of
magnesium dodecylsulfate can be found as K, =2.29 x 10710,
Back calculation of the SDS concentration at the onset of pre-
cipitation confirms the accuracy of the solubility product and in
turn the experimental procedure. This value is also in line with
the reported literature value of 2 x 10710 [25].

Using the same method, the solubility product of MgDBS
precipitate was calculated assuming the onset of precipitate for-
mation (4.9 x 10~* M) and Mg ion concentration (3 x 10~4 M)
in solution and found to be 7.2 x 10~'! for MgR,. The previ-
ous studies have shown that the dissolution of precipitates begins
above the critical micelle concentration (CMC) of the surfactants
[26]. Itis interesting to note that the benzene ring has been found
to be equivalent to 3.5 CHj; groups from the data on adsorption of
alkylbenzenesulfonates at the alumina surface [27]. In our study,
an average ratio of 3.4 found in region I between the adsorption
of SDS and SDBS shows a reasonable agreement between the
literature values, though our surfactant is dodecylsulfate rather
than dodecylsulfonate.
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system at pH 8.5+ 0.5.

The effect of precipitation on adsorption has been investi-
gated in Figs. 6 and 7 where adsorption density or surfactant
uptake is plotted against residual concentration for abstraction,
precipitation and adsorption. As seen from figures, when the
precipitation curve is subtracted from the abstraction curve, the
adsorption curve with a plateau region is obtained. This indicates
the role of precipitate dissolution on adsorption maximum [28].
It should be noted that the onset of region III marks the CMC as
determined by surface tension technique using the ring method.
The CMC values for SDS and SDBS are respectively 8 x 1073
and 1.4 x 1073 M, which are in agreement with our previously
reported values [26].

The effect of pH on adsorption was also investigated for both
surfactants at 1073 M. Because of the instability of the pH in the
acidic pH region, the adsorption measurements in that region
as a function of pH were performed as follows: the adsorption
experiments were conducted in a beaker containing 2.5 g sepi-
olite and 50 ml of solution of desired surfactant concentration.
The pH was continuously adjusted by introducing appropriate
amounts of NaOH for a period of 30 min. It is found that the
abstraction density slightly increased with decreasing pH, espe-

1.E-05 ¢
E SEPIOLITE/SDS
~
£
E 1.E-06 E
= o
. ¢S
z [
2
g LE07 ¢
g :
=
2 :
< 1LE-08 ¢ Adsorption
< 3 o Abstraction
[ O Precipitation
1E-09 b—seuun T
1.E-05 1.E-04 1.E-03 1.E-02 1.E-01

Residual concentration, mol

Fig. 7. Abstraction, precipitation and adsorption isotherms in sepiolite/SDS
system at pH 8.5+ 0.5.
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Fig. 8. Adsorption isotherms of sepiolite/SDS system at different temperatures
atpH 8.5+0.5.

cially below pH 3.5 indicating the marginal role of electrostatic
forces at natural pH of the system. Because sepiolite is a silicate
mineral, it carries net negative charges at the natural pH of the
system. The presence of zeolitic and bound water and also that
of magnesium ion is instrumental in the adsorption process.

3.5. Thermodynamics of SDS adsorption onto sepiolite

The effect of solution temperature on adsorption is generally
an important indicator to describe the type of adsorption. The
decrease in adsorption with increasing temperature may be indi-
cation of physical adsorption and the reverse is generally true
for chemisorption. However, there are a number of contradictory
cases in the literature [22].

The thermodynamic evaluation was only made for SDS as
both surfactants yield similar trend. For this purpose, the effect of
solution temperature on adsorption density in sepiolite/SDS sys-
tem was investigated. The adsorption isotherms of sepiolite/SDS
system at different temperatures are presented in Fig. 8. As seen
from Fig. 8, the adsorption of SDS on sepiolite decreases with
an increase in temperature; adsorption densities at the plateau
region reveal significant differences as a function of temper-
ature: 1 x 107 mol/m? for 25°C, 4 x 10~/ mol/m? for 40°C
and 3 x 1077 mol/m? for 60 °C.

The cross-sectional area of a SDS molecule in A%/molecule
can be calculated as

1020
cross-sectional area = —— 7

maxA
where ['max is the adsorption density at the plateau region,
A is the Avogadro number. Table 2 illustrates the effect of
temperature on various calculated values [29] (Klimenko and
Koganovski, 1973).

Although the decrease in the adsorption of SDS onto sepiolite
with increasing temperature may show the presence of physical
adsorption, this is not sufficient to say whether the adsorption
is physical or chemical in nature. The type of adsorption may
be determined through such thermodynamic quantities as free
energy of adsorption (AG ., ) and the heat of adsorption (A H:ds)

ads



630 0. Ozdemir et al. / Journal of Hazardous Materials 147 (2007) 625-632

Table 2

Thermodynamic data obtained from adsorption isotherms of SDS/sepiolite system as a function of temperature

Temperature (°C) Plateau ads. density /"max (M/m?)

Equilibrium concentration (M)

Cross-sectional area (A2) Degree of coverage (0)

25 1.6 x 107° 6.0 x 1073
40 40x% 1077 45%x 1073
60 3.0x 1077 4.7 %1073

166 0.18
415 0.07
554 0.05

both of which can be obtained from the adsorption data given in
Fig. 8.

A general adsorption isotherm for surfactant adsorption at
the solid/liquid interface taking into account the effect of size
ratio (n) and lateral interaction coefficient (a) between adsorbed
molecules has the following form [30].

0

—2a0 __
aoere = KC ®)

_ ' AG,/RT

K=5s ®
where K is the adsorbability of the surfactant molecule at
infinitively low coverage, C is the equilibrium concentration
in M, 0 is the degree of surface coverage of the mineral with
the collector molecule at (I'/I'max), R is the gas constant
(8.1314mol~! K—1), T'is the temperature in K. The free energy
of adsorption can be calculated from Eq. (8) where the degree of
coverage 6 was calculated at various concentrations all the way
up to the plateau region.

The cross-sectional area of dodecylsulfate molecule is
approximately 30 A% [26]. The value of n is defined as the
ratio of cross-sectional area of the adsorbate molecule over the
cross-sectional area of the water molecule (12.5 A2). The value
of n is approximately equal to 30/12.5=2 and thus the mod-
ified Frumkin equation takes n=2 in Eq. (8). Accordingly by
reordering Eq. (8) and taking the logarithms:

0
n——
c(1—6)

The values of a and K can be determined graphically from a
plotofln 6/ C(1 — 0)n versus 6 (for n=2). The resultant straight
line has a slope of 2a and an intercept of In K [10].

The fit obtained out of this model yields a R value of 0.98.

While AG;dS determines the affinity of the mineral surface
towards the surfactant molecule, a represents the strength of
lateral interaction forces; a negative value of “a” indicates a
repulsive interaction between the polar heads, whereas a positive
value of “a” indicates the presence of chain—chain interactions
among the non-polar molecules.

Another very important thermodynamic parameter in deter-
mining the type of adsorption is the heat of adsorption (AH:ds).

=240 +1In K (10)
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Fig. 9. Heat of adsorption data for sepiolite/SDS system using the modified
Frumkin model.

This can be obtained from the Clausius—Clapeyron equation [22]
as

dinkK  AHy

d(/T) R (i

Using this equation, the plot of In K and 1/T'is given in Fig. 9.
The slope of the straight line has been put in Eq. (11) and the
AH:dS calculated. These results are presented in Table 3 along
with the entropy values calculated using Eq. (12) given below:

AG = AH —TAS <0 (12)

However, the temperature dependence using the
Classius—Clapeyron equation does not yield a good straight line
as seen in Fig. 9. Despite discrepancies reported in the literature
[31], this is the only available technique for the calculation of
heat of adsorption. The error estimate shows that the heat of
adsorption data could be as much as 15%.

According to the modified Frumkin model, AH:ds is rather
small compared to the total adsorption energy. However, the
entropic contribution (—7TA Sst) is approximately equal to the
free energy of adsorption. Therefore, it is plausible to say
that the adsorption of SDS onto sepiolite is an entropically
governed process. This is also evident from the positive val-

ues of “a”. In addition, because the level of AH;ds is much

Table 3

Various thermodynamics parameters calculated using the modified Frumkin model

System UT (K) Tmax (M/m?) AG,,, (kJ/mol) AH., (kJ/mol) —TAS,,, (ki/mol) a

SDS/sepiolite 335x 1073 1x107° —12.93 —1.87 11.06 3.84
3.19 x 1073 4 %1077 —13.54 —1.87 11.67 5.24
3.00 x 1073 3x 1077 —14.22 —1.87 12.35 6.41
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lower than 40 kJ/mol, it again indicates the presence of physical
adsorption.

3.6. Adsorption mechanism of anionic surfactants on
sepiolite

The change in free energy of adsorption (AGZdS) is a sum of
various contributing forces.

AGads = AGelecl + AGionexch + AGhyd,bond (13)
AG;CCt represents the change in free energy of adsorption of
surfactant molecules on the oppositely charged sepiolite via
electrostatic forces, AG;m exch Tepresents adsorption through
ion exchange between surfactant ion and anions in the sepio-
lite matrix and the AG;yd,bond represents the hydrogen bond or
coordination bond between the zeolitic water or bound water
and O~ of anionic head groups [32].

At 8.5 where the surface of sepiolite is negatively charged the
presence of electrostatic interactions is unlikely. Because spec-
troscopic techniques such as IR is unable to distinguish between
electrostatic interaction and hydrogen bonding. Zeolite, a porous
sodium aluminum silicate mineral, for instance does not adsorb
SDS. This confirms that the presence of Mg ion in the structure
of sepiolite is the key factor for the adsorption of anionic sur-
factants. In addition, in sepiolite, each structural block is made
up of two tetrahedral silica sheets sandwiching a central sheet of
magnesium oxide—hydroxide. As the silica sheets are discontin-
uous, silanol (Si—~OH) groups are present on the external surface
of the silica particles. The dimensions of the cross-section of
sepiolite tunnels are about 11 A x 4 A of which they shelter two
types of water molecules: (i) coordinated water molecules which
are bonded to Mg?* ions located at the edges of octahedral sheet,
and (ii) zeolitic water bonded to the coordinated water molecules
through hydrogen bonding.

Experimental data show that anionic surfactants adsorb onto
the surface of sepiolite in two modes. First is hydrogen bond-
ing between O~ of anionic polar head and H* of bound or
zeolitic water. Second is the coordination bond between Mg
ion at octahedral sheet and polar anionic head groups. Mg ion
measurements in solution (Fig. 4) show that ion exchange mech-
anism is not possible. In fact, the value of 1.87 kJ/mol for the heat
of adsorption (A H,:ds) is in agreement with the 1-2 kJ/mol value
of heat of adsorption for hydrogen bond [3]. The low surface cov-
erage (18%) observed in this study does not allow the distinction
between the interaction of bound or zeolitic water with dodecyl-
sulfate ion over that of water molecules of the solution. The
adsorption of SDS on sepiolite in two modes is schematically
illustrated in Fig. 10.

It may not be generally practical to use sepiolite to remove
long chain anionic surfactants from wastewater. However, since
wastewaters contain significant amounts multivalent ions to acti-
vate the silicate surface and make it amenable for the adsorption
of anionic surfactants, the use of sepiolite may be justified. Oth-
erwise sepiolite can be made positive with various inorganic ions
or quaternary amines to make it a better adsorbent for anionic
surfactants.

(@) |
H N s/
| |
H— O._ 0
-::Zl\/llg2+ ---------- SO;Na
RS S
H— O 0 R
I |
" /SN

i— O

.
— Mg e O — H'— O'—SO,Na"
- | 7

—Si—0 H R
s

Fig. 10. Adsorption modes of SDS on sepiolite (a) complexation between Mg
ion at octahedral sheet and polar anionic head groups (b) hydrogen bonding
between O~ of anionic polar head and H* of bound or zeolitic water.

4. Conclusions

Sepiolite with an isoelectric point of about 6 is negatively
charged at natural pH of sepiolite and thus not conveniently
amenable to electrostatic attraction of anionic surfactants.

Adsorption isotherms of alkysulfate and alkylbenzenesul-
fonate onto sepiolite obtained at room temperature exhibit three
regions of interest. The first region is characterized by the regu-
lar molecular interactions. In the second region, the interaction
of anionic surfactants with the Mg?* ions released from sepio-
lite leads to the precipitation of magnesium salt of surfactant.
Using the solubility product expression the contribution of pre-
cipitation towards the real adsorption was determined. The third
region marks both the beginning of plateau region and micellar
interactions.

Experimental data reveal that anionic surfactants in region
I of the adsorption isotherm can adsorb onto sepiolite in two
modes. First is the hydrogen bond between oxygen groups of
anionic head group and H* of the bound or zeolitic water. Sec-
ond is the electrostatic attraction between Mg ion at octahedral
sheets and polar head and/or complexation between magnesium
ions and anionic head groups. In region II, chain—chain inter-
action leading to hemimicelle formation and/or precipitation
of Mg-surfactant species result in the occurrence of fast rising
abstraction. Region III marks the plateau adsorption.

The effect of temperature on surfactant adsorption for
SDS/sepiolite was utilized to calculate such thermodynamic
parameters as the change in free energy of adsorption (AG;ds)
and the heat of adsorption (AH:dS). While the former is calcu-
lated to be 13-14 kJ/mol, the latter comes out as 1-2 kJ/mol.
The low value of AH;dS 1.87kJ/mol is an evidence for the
physical adsorption of anionic surfactants onto sepiolite. The rel-
atively large value of entropic contribution (—TA S;ds) indicates
that the adsorption of anionic surfactants is governed entropi-
cally.



632 0. Ozdemir et al. / Journal of Hazardous Materials 147 (2007) 625-632

Acknowledgements

The financial support of State Planning Commission (DPT-
107) and Istanbul Technical University Research Foundation
(ITUAF-1058) are greatly acknowledged.

References

[1] A. Garcia Sanchez, E. Alvarez Ayuso, O. Jimenez de Blas, Sorption of
heavy metals from industrial waste water by low-cost mineral silicates,
Clay Miner. 34 (1999) 469-477.

[2] M.F. Brigatti, C. Lugli, L. Poppi, Kinetics of heavy-metal removal and
recovery in sepiolite, Appl. Clay Sci. 16 (2000) 45-57.

[3] H. Helios-Rybicka, Sorption of Ni, Zn and Cd on sepiolite, Clay Miner. 20
(1985) 525-527.

[4] A. Gonzalez-Pradas, M. Villafranca-Sanches, M. Socias-Viciana, F. Del
Rey-Bueno, A. Garcia-Rodriguez, Adsorption of thiram from aqueous solu-
tion on activated carbon and sepiolite, J. Chem. Technol. Biotechnol. 39
(1987) 19-27.

[5] U. Shuali, L. Bram, M. Steinberg, S. Yariv, Infrared study of the ther-
mal treatment of sepiolite and palygorskite saturated with organic acids,
Thermochim. Acta 148 (1989) 445-456.

[6] E. Gonzalez-Pradas, A. Valverde-Garcia, M. Villafranca-Sanchez,
Removal of aromatic amines from aqueous solution by activated sepiolite,
J. Chem. Technol. Biotechnol. 47 (1990) 15-22.

[7]1 M.P. Bernal, J.M. Lopez-Real, Natural zeolites and sepiolite as ammonium
and ammonia adsorbent materials, Bioresour. Technol. 43 (1993) 27-33.

[8] G.Rytwo, S. Nir, M. Crepsin, L. Margulies, Adsorption and interactions of
methyl green with montmorillonite and sepiolite, J. Colloid Interface Sci.
222 (2000) 12-19.

[9] E. Sabah, M. Kara, M. Cinar, M.S. Celik, Abatement of mineral processing
wastes by sepiolite, in: Proceeding of the Engineering Foundation Confer-
ence, H., El-Shall, A., Ismail, B., Moudgil, (Eds.), United Engineering
Foundation Inc., New York, 1997. pp. 221-228.

[10] E. Sabah, M.S. Celik, Adsorption mechanism of quaternary amines by
sepiolite, Sep. Sci. Technol. 37 (2002) 3081-3097.

[11] E. Sabah, M.S. Celik, Interaction of pyridine derivatives with sepiolite, J.
Colloid Interface Sci. 251 (2002) 33-38.

[12] A. Alvarez, Sepiolite: properties and uses, in: A. Singer, E. Galan (Eds.),
Developments in Sedimentology, Elsevier, Amsterdam, 1984, pp. 253-285.

[13] M.S. El-Geundi, Homogeneous surface diffusion model for the adsorp-
tion of basic dyestuffs onto natural clay in batch adsorbers, Adsorp. Sci.
Technol. 8 (1991) 217-225.

[14] H.M. Asfour, M.M. Nassar, O.A. Fadali, M.S. El-Guendi, Color removal
from textile effluents using hardwood saw dust as an adsorbent, J. Chem.
Technol. Biotechnol. 35A (1985) 28-35.

[15] European Chemical Industry Council (CEFIC), Joint industry tresearch
programmes for the environmental risk assessment of surfactants, Cesio
News, 4, (2000). 7s.

[16] V.W. Reid, G.F. Longman, E. Heinerth, Determination of anionic active
detergents by two phase titration, Tenside Surfact. Det. 4 (1967) 292—
304.

[17] C. Cichos, D. Eidner, Zu Fragen der Optimierung von Sammlerregi-
men bei der Flotation, Freiberger Forschungshefte A 790 (1989) 101-
114.

[18] M. Kara, H. Yuzer, E. Sabah, M.S. Celik, Adsorption of cobalt from aqueous
solution onto sepiolite, Water Res. 37 (2003) 224-232.

[19] M.S. Celik, E. Yasar, Electrokinetic properties of some hydrated boron
minerals, J. Colloid Interface Sci. 173 (1995) 181-185.

[20] P. Somasundaran, H.S. Hanna, Adsorption desorption of sulfonates by
reservoir rock minerals in solutions of varying sulfonate concentrations,
Soc. Petroleum Eng. J. 25 (1985) 343-350.

[21] K.P. Ananthapadmanabhan, P. Somasundaran, Surface precipitation of
inorganics and surfactants and its role in adsorption and flotation, Colloid
Surf. A 13 (1986) 151-167.

[22] M.S. Celik, E. Yasar, H. El-Shall, Flotation of heterocoagulated particu-
lates in ulexite/sds/electrolyte system, J. Colloid Interface Sci. 203 (1998)
254-259.

[23] R.M. Garrels, C.L. Christ, Solutions, Minerals and Equilibria, Freeman,
Cooper & Company, 1965.

[24] I.M. Klotz, Chemical Thermodynamics, Prentice Hall, Englewood Clifts,
N.I., 1950.

[25] 1. Krznaric, J. Bozic, N. Kallay, Precipitation and micellization of silver,
copper and lanthanum dodecylsulfates in aqueous media, Croat. Chem.
Acta 42 (1979) 183-189.

[26] M.S. Celik, P. Somasundaran, Molecular mechanism of calcium sul-
fonate redissolution by micelles, J. Chem. Technol. Biotechnol. 40 (1987)
151-166.

[27] S.G. Dick, D.W. Fuerstenau, T.W. Healy, Adsorption of alkylbenzene sul-
fonate surfactants at the alumina water interface, J. Colloid Interface Sci.
37 (1971) 595-602.

[28] M.S. Celik, A method to isolate precipitation from adsorption in surfac-
tant/solid systems, Adsorp. Sci. Technol. 12 (1995) 19-25.

[29] N.A. Klimenko, A.M. Koganovski, Adsorption of nonassociated molecules
of nonionogenic surfactants from water on surfaces of various chemical
nature, Kolloid Zhurnal 35 (1973) 772-775.

[30] A. Yehia, J.D. Miller, B.G. Ateya, Analysis of the adsorption behavior of
oleate on some synthetic apatites, Miner. Eng. 6 (1993) 79-86.

[31] M.S. Celik, R.H. Yoon, Adsorption of poly(oxyeyhylene)nonylphenol
homologues on a low-ash coal, Langmuir 7 (1991) 79-86.

[32] D.W. Fuestenau, S. Raghavan, Some aspects of thermodynamics of flota-
tion, in: M.C. Fuerstenau (Ed.), Flotation: A. M. Gaudin Memorial Volume,
1, AIME Publication, 1976, pp. 21-65.



	Adsorption of anionic surfactants onto sepiolite
	Introduction
	Experimental
	Materials
	Methods

	Results and discussion
	Elektrokinetic properties of sepiolite
	Effect of solids concentration on adsorption
	Effect of conditioning time on adsorption
	Effect of surfactant concentration on adsorption
	Thermodynamics of SDS adsorption onto sepiolite
	Adsorption mechanism of anionic surfactants on sepiolite

	Conclusions
	Acknowledgements
	References


