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Abstract—The effects of surfactants on bentonites have been of great scientific interest for many years.
Even though quaternary alkylammonium salts (QAS) have been studied, very few data are available on the
comparative performance of different chain-length QAS for the modification of the surface properties and
adsorption properties of bentonites. The objective of this study was to investigate the effect of chain length
on the adsorption of cationic surfactants onto bentonite. The surface and adsorption properties of different
chain-length QAS, i.e. hexadecyltrimethylammonium bromide (HTAB, C16), tetradecyltrimethylammo-
nium bromide (TTAB, C14), and dodecyltrimethylammonium bromide (DTAB, C12), to produce organo-
bentonites (OB) were studied. The concentrations of QAS were selected based on the cation exchange
capacity (CEC) of the clay mineral. Zeta potential, swelling, and viscosity measurements and scanning
electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-transform infrared (FTIR) analyses
were used to explain the changes in surface properties. The results indicated that the best modification of
bentonite was obtained using a 16-carbon chain length QAS (HTAB) in a 1:1 ratio of QAS to CEC. The
basal spacing at this concentration was measured to be 22.19 A, which also corresponded to the maximum
adsorption density. The OB produced at this concentration showed the best hydrophobic character based on
the swelling tests in toluene. The extent of hydrophobicity and adsorption density was correlated with the
CEC and alkyl chain of the QAS. All these properties were used to elucidate the mechanism of
modification governing the bentonite/QAS system.
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INTRODUCTION

Organo-clays (OC) have recently become very
important materials in commercial uses due to their
large surface area, specific active sites, suspension
abilities, and attractive adsorption properties. Organo-
clays are used in many industrial applications such as
thickening agents in inks and paints, as thickening/
suspending/thixotropic additives in cosmetic formula-
tions (Patel et al, 2006), adhesives, drilling fluids
(Kirsner et al., 2003), as gelling agents in lubricants
(Faci, 2001), and as ingredients to form nanocomposites
(Lan and Pinnavaia, 1994). Organo-clays are commonly
prepared using natural smectites such as montmorillonite
or hectorite (Vougaris and Petridis, 2002; Can et al.,
2007; Erkan et al., 2008; Paiva et al., 2008). In addition
to smectites, synthetic fluoro-hectorite (Gorassi et al.,
2003), sepiolite (Sabah er al., 1998), clinoptilolite
(Ersoy and Celik, 2003), and synthetic micas (Klapyta
et al., 2003) are also used. Electrokinetics, rheological
properties, and surface properties of montmorillonite can
be modified conveniently using alkyl ammonium salts,
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which convert the surface of the clay from hydrophilic to
hydrophobic through the exchange of interlayer cations
with alkylammonium cations. This modified material is
a clay-surfactant hybrid material (Favre and Lagaly,
1991; Akin and Celik, 1995; Paiva et al., 2008) and is
typically referred to as organo-montmorillonite or
organo-bentonite (OB).

In industrial production, bentonite is treated with
QAS either with small amounts of water (paste-like
materials) or in more diluted dispersions. The amount of
QAS added corresponds to the experimental cation
exchange capacity (CEC) or to the predetermined
multiples of the CEC (Lagaly et al., 2006; Erkan,
2008). The chain length of QAS dictates whether the
surface can acquire sufficient hydrophobicity (Lagaly,
1986; Klapyta et al., 2001; Frost et al., 2007; Paiva et
al., 2008). Generally, OC studies in the literature reveal
that QAS increases the hydrophobicity of the clay
(Baldassari et al., 2006; Marras et al., 2007). The
replacement of inorganic cations with QAS cations
having a long carbon chain (generally C10 to C22)
reduces the hydration of the clay (Baldassari et al.,
2006) and the resulting material can swell and disperse
in organic fluids. Generally, QAS having <12 carbons in
the chain are not used to produce an OC because they
fail to impart the desired level of hydrophobicity.
Therefore, alkyl chain lengths of 16 and 18 are usually
preferred (Yang et al., 2002; Ersoy and Celik, 2003).
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Many researchers have studied OC produced from
different QAS (Lee et al., 1989; Smith et al., 1990;
Medrzycka and Zwierzykowski, 2000; Xi et al., 2005;
Forland and Blokhus, 2007; Paiva et al., 2008) and other
surfactants (Xie et al., 2001; Vazquez et al., 2008).
Modification of montmorillonites with QAS and the
characterization of surface and adsorption properties of
the resultant OB have received the most attention in
recent years (Zhu et al., 2007; Vazquez et al., 2008;
Nuntiya et al., 2008; Sompech et al., 2008). Specifically,
modified montmorillonites were produced for use in
areas such as adsorbents for removing organics from
waters, nanofillers for nanocomposite production, and
thickening agents for paints (Zhu et al., 1997; Liu et al.,
2005). The most preferred alkylammonium cations in
these studies are dodecyltrimethylammonium bromide
(DTAB, C12), tetradecyltrimethylammonium bromide
(TTAB, Cl14), hexadecyltrimethylammonium bromide
(HTAB, C16), and octadecyltrimethylammonium
bromide (OTAB, C18) (Tjandra et al., 2006;
Mohammad and Bhawani, 2008). Even though these
QAS cations have been studied, few data are available
on the comparative performance of DTAB, TTAB, and
HTAB for the modification of the surface and adsorption
properties of montmorillonite.

The aim of this study was, therefore, to compare and
characterize the DTAB, TTAB, and HTAB surfactant-
modified OB where adsorption of these three QAS (with
different chain lengths) on Na' bentonite was measured.
The zeta potential, swelling, and viscosity of the OB
produced were also determined to explain the change in
electrokinetic, rheological, adsorption, and surface
properties of the OB, depending on the QAS chain
length. X-ray diffraction (XRD) and Fourier-transform
infrared (FTIR) analyses were performed to further
discuss the success and extent of exfoliation of OB.
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MATERIALS AND METHODS

Materials

The Na'-bentonite used in this study was supplied by
Samag Bentonite Corp. (Resadiye, Tokat, Turkey). The
raw bentonite with a 72 meq/100 g CEC was purified
through a multi-stage washing and classification process
using a hydrocyclone (Boylu et al., 2007). The purified
Na'-bentonite sample with a CEC of 98 meq/100 g was
dried at 60°C in an oven and then re-ground and sieved
to <150 pm using a laboratory-type sieve (Retsch) in
preparation for subsequent use. The 50% passing (dso)
size of the purified bentonite was determined at 3 pm
using a Fritsch particle-size analyzer (Figure 1). The
chemical analysis of the purified bentonite was 68.14%
Si0,, 23.87% Al,03, 0.24% CaO, 2.53% MgO, 0.16%
K,0, 2.45% Na,O, and 2.61% Fe,03. The elemental
composition of purified bentonite was estimated as
[(Nag.56Ko0.02Ca0.03)[Si7.08Al0.02](Al5.27F€0.23Mg0.44)
05,0(OH)4]. The QAS used in the preparation of the OB
were DTAB (CH3(CH2)11N(CH3)3BI'), TTAB
(CH3(CH2)13N(BT)(CH3)3), and HTAB
(CH3(CH»)sN(Br)(CHjz)3). The former two were
obtained from Sigma whereas the latter from Merck as
ACS certified powder reagent. These QAS were used as
received without any purification.

Methods

The QAS were dissolved in water to prepare a
0.2 mol/L stock solution for successive dilution as
necessary. The purified Na-bentonite was dispersed in
water at 3% (w/w) and agitated by a magnetic stirrer at
60°C for 1 h. After dispersion, the suspension cooled to
room temperature (25°C £3°C). A predetermined amount
of a selected QAS was then added and the mixture was
stirred for 2 h. Thereafter, the mixture was filtered and
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Figure 1. Particle-size distribution of purified Resadiye bentonite.
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rinsed with fresh distilled water to remove the desorbed
QAS residue. The filter cake was then dried in an oven at
60°C, ground with an agate mortar and pestle to <150 pm
particle size before use. The suspensions prepared were
also used to determine the amount of adsorption,
electrokinetics, and rhelogical properties. This proce-
dure was repeated for all QAS and concentrations.

The rheological properties of suspensions were
determined using a Brookfield DV II Viscosimeter
(Brookfield, Essex, UK). Following measurement of
the viscosity, the OB suspension was centrifuged to
obtain a clear supernatant liquid. The solid product and
the supernatant were used to determine the electrokinetic
properties (using a Zeta-Meter+3 (Sabah et al., 2007))
and the adsorption properties of QAS (by the two-phase
titration method), respectively. This method was based
on the interaction of an anionic surfactant (SDS; sodium
dodecyl sulfate) with the cationic alkylammonium in the
presence of chloroform (Reid ef al., 1967). The method
exploits the color change of the aqueous phase from blue
to pink. The adsorption density was calculated from the
consumption of anionic surfactant at the end point. A
calibration curve for each concentration was constructed
to calculate the unknown surfactant concentration.

The swelling behavior of OB was determined at
different polarities. Water and toluene were used as the
most and the least polar media, respectively. Acetone
was added to toluene (50% v/v) to vary the polarity. The
swelling tests were conducted with 3 g of OB in 10 mL
graduated glass tubes. The OB were fed to the liquid
slowly and left stationary for 24 h before taking the
measurements.

The XRD patterns of the unmodified clays were
recorded between 2°20 and 40°20 at a scanning speed of
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2°20 /min at a step size of 0.05°20, using a Rigaku D/max-
IIIC X-ray diffractometer with CuKa (1.54 A) radiation.
In addition, the XRD analysis of the OB powder was
performed under the same conditions except for the
recording range (2—10°20). The XRD analysis was
performed to show the structural differences between
modified and unmodified bentonite and the corresponding
change of the basal spacing. A JEOL JSM 6400 scanning
electron microscope (SEM) was used to observe the
differences in surface morphologies between modified
and unmodified bentonite. Fourier-transform infrared
analysis was carried out using a Perkin Elmer model
Spectrum One spectrophotometer. Spectra over the range
4000—450 cm™" were obtained at a resolution of 1 cm™'
and a mirror velocity of 0.4583 cm s™'. The FTIR analysis
was performed to confirm the adsorption of alkylammo-
nium ions and to identify the extent of hydrophobicity.

RESULTS AND DISCUSSION

Adsorption studies

The ability of the clay mineral to uptake a QAS was
determined for different chain lengths. The adsorption
density was plotted as a function of equilibrium QAS
concentration (Figure 2). The adsorption isotherms were
characterized by the three regions of interest: (1) the first
region with a small slope indicating the adsorption of
individual ions through ion exchange and electrostatic
forces; (2) the rising part of the isotherm represents
some ion exchange, but mostly dominated by hydro-
phobic chain-chain interactions; and (3) the onset of a
plateau corresponding to the bilayer coverage.

The adsorption of HTAB rose very sharply, as clearly
indicated by the second region of the curve (Figure 2).
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Figure 2. Adsorption density profiles of OB suspensions vs. log of equilibrium concentrations of amines.
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Figure 3. Zeta potential profiles of OB suspensions vs. log of equilibrium concentrations of amines.

Comparison of the adsorption plateaus observed for
HTAB, TTAB, and DTAB revealed that the adsorption
depended heavily on the chain length of the QAS, i.e. the
greater the chain length, the greater the adsorption
(Ersoy and Celik, 2003; Yang et al., 2002; Yilmaz and
Yapar, 2004). However, in the rising parts of the
isotherms the adsorption did not follow the same trend.
In these areas, the adsorption of DTAB on the clay
mineral was greater than that of TTAB, which was
unexpected based on previous experience (Ersoy and
Celik, 2003; Yilmaz and Yapar, 2004). The character-
istic changes in the clay surface, from hydrophilic to
hydrophobic, are also difficult to explain according to
the adsorption behaviors of DTAB and TTAB.
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Characterization of OB suspensions

In order to confirm the extent of adsorption as a
function of chain length, the zeta potential of the OB was
measured. The zeta potentials showed nearly the same
trend as the adsorption densities and verified the ability of
QAS to adsorb on montmorillonite (Figure 3). The zeta
potential of HTAB-modified OB was quickly reversed at
the point where the adsorption density was high at the
plateau (Figure 4). The last three points on the zeta
potential curve of HTAB may refer to bilayer adsorption,
which did not correlate well with the plateau part of the
adsorption isotherm. However, the formation of bilayer
has been reported in some studies (Ersoy and Celik, 2003).
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Figure 4. Adsorption density and zeta potential profiles of HTAB-modified OB vs. equilibrium concentration of amines.
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The zeta potential profile of OB modified with DTAB
(Isci et al., 2006) and TTAB exhibited charge reversal at
the same concentration as did HTAB. The TTAB-
modified OB experienced a charge reversal in the
plateau region of the adsorption. In addition, the
isoelectric point (IEP) initially decreased with increasing
chain length (Somasundaran et al., 1964) but then
remained nearly constant (Figure 3). Decreases in the
IEP also decreased the coagulation point, which
prevented coagulation of the montmorillonite particles.
Because of this, the surfactant can intercalate the clay
mineral layers more efficiently.

The viscosity of HTAB-modified OB suspensions in
water was very variable in the rising part of the
adsorption isotherm (Figure 5) where the surface
properties of the clay changed from hydrophilic to
hydrophobic, i.e. the high viscosity represented the
hydrophilic surface and the low viscosity denoted the
hydrophobic surface. The last part of the curve where the
viscosity increased may indicate the beginning of bilayer
QAS adsorption. The viscosity of DTAB- and TTAB-
modified OB suspensions in water showed similar
variations to that of HTAB in the rising part of the
adsorption isotherms. However, the viscosity of HTAB-
modified OB suspension (Figure 4) increased while the
viscosity of DTAB and TTAB-modified OB suspensions
exhibited down peaks in the rising part of the adsorption
isotherms. The down peaks observed for the viscosity of
DTAB and TTAB-modified OB suspensions (Figure 5)
indicated the hydrophobic state. The last parts of the
curves after the down peaks showed the change in the
clay mineral surface from hydrophobic to hydrophilic
state.
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Characterization of OB

The swelling behavior and hydrophobic character of
OB were determined through swelling tests. The OB
swelled well in toluene (Figure 6a) and swelling
increased with increase in the initial concentration, in
agreement with the expected increase in hydrophobicity.
However, the DTAB-modified OB showed poor swelling
and their suspensions did not exhibit any appreciable
viscosity in water. This is in line with the hydrophobic
nature of the DTAB-modified OB particles. The greatest
swelling occurred at a 0.03 mol/L initial HTAB
concentration. The level of swelling reached a maximum
and then declined with increasing HTAB concentration.
No appreciable change in the hydrophobicity of the clay
at greater adsorption levels was evident. The variation in
polarity was tested using a medium polarity fluid,
acetone-toluene (50% v/v) (Figure 6b), the viscosity of
which was between that of water and toluene.

The XRD analysis was used to determine the
variation of basal spacing of OB as a function of QAS
chain length and the CEC. The XRD profiles for the raw
and the purified bentonite (unmodified) (Figure 7)
revealed that the main smectite peak appears at 7°20
for both samples and that impurities were removed upon
purification.

The basal spacings of OB, modified at a 1:1 ratio of
QAS to CEC, increased with increasing chain length
(Figure 8a). HTAB-modified OB showed the largest
basal spacing compared with other OB and unmodified
bentonite. The variation in the basal spacing of different
OB samples at QAS:CEC = 1 concentration (Figure 8a)
were compared. The maximum basal spacing obtained at
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Figure 5. Viscosity variation of OB suspensions in aqueous solution vs. final concentrations of amines.
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Figure 8. XRD patterns from purified bentonite compared with OB with different chain lengths (DTAB, TTAB, and HTAB):

(a) QAS:CEC =1, (b) at different HTAB:CEC ratios.

a QAS:CEC ratio of 1:1 represents the monolayer
coverage. HTAB-modified OB showed the greatest
basal spacing value of 22.19 A compared with the
unmodified bentonite (12.5 A), the DTAB-modified
(16.96 A), and TTAB-modified (18.06 A) OB
(Figure 8a). The comparison between QAS showed that
HTAB was more efficient for obtaining more expanded
clay interlayers. Other than this, HTAB OB values were
also compared in terms of the QAS:CEC ratios to
determine the changes in basal spacing depending on
QAS:CEC value in HTAB OB. The basal spacing
increased linearly when QAS:CEC = 1; however, when
QAS:CEC > 1 the basal spacing decreased (Figure 8b).
The changes in basal spacings of OB depending on
different QAS:CEC ratios and product type (Figure 9)
also revealed that the basal spacing of OB increased with
increasing QAS:CEC ratios and QAS chain length.

The SEM images (Figure 10) show the differences in
structure between modified and unmodified bentonites.
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The purified clay (Figure 10a) particles were single and
sharp when compared with the modified clay particles
(Figure 10b), which had a less defined structure, due
perhaps to the QAS between the layers of the clay
mineral.

The FTIR spectra of the purified bentonite in the
absence and presence of QAS (Figure 11) were used to
identify the nature of the interaction between bentonite
and QAS. The FTIR spectra of the purified bentonite
displayed a band at 3624 cm™' due to structural O—H
stretching vibrations; the band was independent of the
cation type in the clay mineral interlayer suggesting that
the exchange of interlayer cations had little effect on the
structural OH in the octahedral sheet. The bands at
3433 cm™' and 1637 cm™' correspond to stretching and
bending vibrations, respectively, of adsorbed water. The
band at 1043 cm™' derives from Si—O stretching
vibrations. The peak at 917 cm™' is greater by
~7 em ™" than the band assigned to the Al—-O—H bending
mode, suggesting that Mg may have substituted for some
of the Al in the octahedral sheet. The bands at 520 cm ™"
and 470 cm ™' are assigned to Si—O—Al (octahedral Al)
and Si—O—Si bending vibrations, respectively. The new
or shifted bands in the OB were clearly visible after
scale expansion (Figure 12a,b).

The QAS-OB showed peaks for H-O—H stretching
and bending vibrations of adsorbed water at
3400—3430 cm ' and 1637 cm ™!, originating from the
clay structure and, to a lesser extent, from the QAS
structure (Figure 12a). Bands from QAS were observed
as follows: asymmetric and symmetric C—H stretching
bands in the 2920—2955 cm ™' region (Figure 12b), CHs-
N asymmetric bending at 1487 cm™' (Figure 12a), and

Characterization of organo-bentonites

Figure 10. SEM images of (a) purified bentonite and (b) HTAB-
modified OB at HTAB:CEC = 1.
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Figure 11. FTIR spectra of purified bentonite, TTAB, DTAB, and OB at QAS:CEC = 1.
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Figure 12. The newly formed peaks after the interaction between QAS and bentonite: (a) at 1487 cm ™' assigned to the CH3-N
asymmetric bending and adsorbed H-O-H vibrations at 1637 cm™'; (b) C—H stretching bands at 2920—2955 ¢cm ",

((CH,),) in the 720 cm ' region. Other peaks
(3624 cm™!', 3433 cm™', 1637 cm™', 1043 cm !,
917 cm ', 520 cm™', and 470 cm™ ') of the purified
clay mineral do not appear due to overlap with the
organic modes.

The patterns seen in the FTIR spectra marked as OB
(C12), OB (C14), and OB (Cl16) (Figure 11) are
attributed to the organically modified bentonites. The
newly formed peaks (characteristic peak for (CH,), at
720 em~" (Figure 11), CH;—N asymmetric bending at
1487 em ™', H-O-H vibrations at 3400—3430 cm ™' and
at 1637 cm ™' (Figure 12a), and C—H stretching bands at
2920—-2955 cm ' (Figure 12b)) easily confirm the
interaction between bentonite and the QAS.

CONCLUSIONS

The results from this study have indicated that the
rate of adsorption of HTAB onto bentonite was greater
than that of TTAB and DTAB. The zeta potential was

increased as QAS adsorption increased and reached a
plateau. Meanwhile the sign of the zeta potential was
reversed from negative to positive. Although adsorption
reached a plateau, the zeta potential continued to
increase, which may be due to the onset of bilayer
coverage. However, no such correlation was observed
for the other QAS, probably because the energies are less
favorable for the shorter-chain amines to form bilayers
(Ersoy and Celik, 2003; Yang et al., 2002).

The viscosity of the OB suspensions showed a
maximum in the region where the QAS adsorption
increased sharply. The rising part of the isotherm also
verifies the change in the zeta potential to a positively
charged surface due to adsorption of excess alkylammo-
nium ions. The trend of increase observed in the last part
of the viscosity curve may indicate incipient bilayer
alkylammonium adsorption. However, the viscosity of
TTAB- and DTAB-modified OB increased after charge
reversal to positive. Swelling tests revealed that the
smaller the polarity, the greater the swelling of OB. The
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greater swelling in toluene was attained for the HTAB-
modified OB with monolayer coverage.

The basal spacing at the greatest expansion corre-
sponded to the monolayer coverage, beyond which it
remained roughly constant. The basal spacing of OB
increased substantially with the addition of QAS and
increasing the chain length of QAS; from 12.5 A for the
raw bentonite to 16.96 A for DTAB- and 22.19 A for
HTAB-OB. These findings highlight the effect of the
chain length of QAS on surface properties of OB.
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