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Abstract—Hydrophobicity, swellability, and dispersion are important properties for organo-montmor-
illonites (OMnt) and have yet to be fully characterized for all OMnt configurations. The purpose of the
present work was to examine the preparation of OMnt from the reaction of Ca* —montmorillonite
(Ca*"—Mnt) with a high concentration of surfactant and to reveal the relevant properties of hydrophobicity
and dispersion of the resultant OMnt. A series of OMnt samples were prepared using a small amount of
water and cetyltrimethylammonium bromide (CTAB) with a concentration more than the CTAB critical
micelle concentration (CMC). The relationship between OMnt microstructure and the hydrophobicity and
swellability properties was investigated in detail. The resulting OMnt samples were characterized using
powder X-ray diffraction patterns (XRD), Fourier-transform infrared (FTIR) spectroscopy, thermogravi-
metric and differential thermogravimetry (TG-DTG), water contact angle tests, swelling indices, and
transmission electron microscopy (TEM). The addition of CTAB and water in the OMnt preparation
affected the OMnt microstructure and properties. An increase in CTAB concentration led to a more ordered
arrangement of cetyltrimethylammonium (CTA™) cations in the interlayer space of the OMnt and a large
amount of CTA™ cations on the outer surfaces of the OMnt. The swelling indices and the water contact
angles of OMnt samples depended on the distribution of the CTAB surfactant on OMnt and the orientation
of the surfactant hydrophilic groups on the inner and on the outer surfaces of OMnt. A maximum swelling
index of 39 mL/g in xylene was achieved with an average water contact angle of 62.0° + 2.0° when the
amount of CTAB added was 2 times the cation exchange capacity (CEC) of Mnt and the lowest water to dry
Mnt mass ratio was 3 during the preparation of OMnt samples. The platelets of OMnt aggregated together
in xylene by electrostatic attraction and by hydrophobic interactions.

Key Words—Adsorption, Cetyltrimethylammonium Bromide, CTAB, Hexadecyltrimethylammonium
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INTRODUCTION

Montmorillonite (Mnt), a naturally occurring clay
mineral, is an inorganic aluminosilicate with a layered
structure (Grim, 1968; Zhu et al., 2015; Hayakawa et al.,
2016). Two Si-O tetrahedral sheets surround a central
Al-O octahedral sheet to form platelets of Mnt (Zhou et
al., 2016a, 2016b; Chen et al., 2017). Some exchange-
able cations (e.g., Na” and Ca®") are located in the
interlayer space to balance the negative charge of Mnt
layers that result from isomorphic substitutions, such as
APP" for Si*" in the tetrahedral sheet and Mg”" for AI**
in the octahedral sheet (He et al., 2005; Szczerba and
Kalinichev, 2016). Mnt is hydrophilic with a high
swellability in water and a high cationic exchange
capacity (Zhou et al., 2012). Mnt can be modified with
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cationic, anionic, or nonionic surfactants to obtain
hydrophobic organo-montmorillonites (OMnts)
(Khajehpour et al., 2015; Scholtzov o et al., 2016).
OMnts have a broad range of applications as rheological
agents, coatings, polymer additives, and adsorbents in
wastewater treatment (Bergaya and Lagaly, 2013; Zhou
and Keeling, 2013; Yu et al., 2013; Ma et al., 2016;
Veiskarami et al., 2016).

The OMnt samples with greater hydrophobic and
swelling properties usually disperse well in organic
solvents (Hu et al., 2013). The swelling properties
depend on the microstructure of OMnt. A number of
studies have investigated various ways of preparing
OMnt in order to discover the effect of preparation
conditions on the OMnt microstructure, which includes
Mnt basal spacing expansion, surfactant arrangement in
the OMnt interlayer space, and the amount of adsorbed
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surfactant (Lin et al., 2011). In OMnt preparation, the
amounts of water and surfactant used are key factors. In
general, a large amount of water with a high water to
Mnt mass ratio of about 100:1—20:1 (i.e. 99—95 wt.%
water) was used to prepare OMnt samples (Chang et al.,
2003; Zhu et al., 2007). The commonly used amount of
surfactant is 0.5—2 times the cation exchange capacity
(CEC) of Mnt, but in some cases a much larger amount
of surfactant (4—11.5x CEC) was used (Wang and
Wang, 2008; Feng et al., 2009; Kooli, 2013).
Moslemizadeh er al. (2016) reported that the amount
of cetyltrimethylammonium bromide (CTAB, equivalent
to hexadecyltrimethylammonium bromide) adsorbed
onto Mnt and the adsorption isotherms above CTAB
critical micelle concentration (CMC) in water were
different from those below the CMC by batch equili-
brium experiments. The amount of adsorbed CTAB on
Mnt increased as the equilibrium CTAB concentrations
increased, and the adsorption isotherms fit Langmuir and
linear models, which corresponded to monomeric (below
the CMC) and micellar (above the CMC) adsorption,
respectively. In general, the degree of OMnt surfactant
coverage, the basal spacing of OMnt, and the degree of
order of surfactant arranged in the OMnt interlayer space
increased with an increase in the amounts of surfactant
and water used in preparing OMnt. A few studies,
however, have reported the synthesis of OMnt prepared
using a small amount of water (not more than 75 wt.%)
and Mnt in the reaction mixture. Generally, a large
amount of water used in the synthesis of OMnt helps
Mnt to swell fully and facilitates uniform intercalation of
surfactant cations into the Mnt interlayer space (He et
al., 2006a). A small amount of water, however, can also
lead to large OMnt basal spacings and swelling indices
in xylene (Yu et al., 2014). Moreover, the relationships
between OMnt microstructure and the above mentioned
properties are still unclear.

The present study aimed to explore a more econom-
ical and cleaner method to produce OMnt samples with a
high swellability and good dispersion in organic

Table 1. Amounts of CTAB surfactant on OMnt
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solvents. The purpose was to further understand the
relationship between OMnt microstructure and the
hydrophobic and swellability properties of OMnt sam-
ples prepared using small amounts of water (high
concentrations of CTAB), using a series of OMnt
samples prepared from different initial aqueous CTAB
concentrations that ranged from 10.9 up to 138.5 g/L
above the CMC of CTAB in water and using 1 -2 x CEC
of Mnt and 75—95 wt.% water in the preparation mixture
(Table 1). A further goal was to determine the effects of
water and CTAB on OMnt preparation, microstructure,
hydrophobicity, xylene swelling properties, and OMnt
platelet assembly and on the mechanisms of CTAB
surfactant introduction to Mnt. The synthesis of OMnt
using Mnt and such high concentrations of CTAB is
novel and of broad interest, particularly in industry.

EXPERIMENTAL

Materials

The natural clay used in the experiments was a Ca-
montmorillonite from a bentonite deposit in Heishan,
Liaoning, China. The bentonite was used without further
purification. The Mnt content of the natural bentonite
clay was about 78% as measured using the methylene
blue test (Kahr and Madsen, 1995). The Mnt was not
separated from the bentonite so, for the purposes of this
study, Mnt hereafter refers to the bentonite rather than to
a purified fraction from it. The CEC was 57 mmol/100 g
as determined using the NHj exchange and HCHO
(formaldehyde) titration method (Zhu et al., 2008). The
elemental composition was determined using X-ray
fluorescence: 71.62% SiO,, 13.94% Al,05, 2.45%
CaO, 3.42% MgO, 1.35% Fe,05, 0.38% Na,O, 0.41%
K50, 0.19% TiO,, and 0.06% P,Os. The Mnt was dried
at 150°C for 24 h, ground, and passed through a 200
mesh sieve. The Mnt powder was stored in a desiccator
until use. The CTAB with a purity of 99.0 wt.% was
supplied by Shanghai Bioscience and Technology Co.,
Ltd., Shanghai, China. Xylene (> 99.0%) and anhydrous

samples and mass loss during thermal treatment.

Sample CTAB?* Water® CTAB® Mass loss (%)
(g/L) (Wt.%) (mg/g-dry  Dehydration (1) 2) 3)
Mnt) <184°C 184—307°C 307—360°C 360—500°C 184—500°C

OMnt(19)-1CEC 10.9 95 197.3 23 3.7 3.9 8.5 16.1
OMnt(6)-1CEC 34.6 86 218.2 23 39 42 9.4 17.5
OMnt(4)-1CEC 51.9 80 221.8 25 4.1 4.0 9.6 17.7
OMnt(5)-1.5CEC 62.3 83 303.9 2.6 5.0 54 12.3 22.7
OMnt(5)-2CEC 83.0 83 385.9 1.6 13.9 43 9.2 274
OMnt(3)-2CEC 138.5 75 294.6 2.0 9.8 43 8.2 22.3

* The CTAB emulsion concentration used in OMnt synthesis.
° Water is the mass percent water used in the water and dry
¢ The amount of CTAB loaded onto dry Mnt samples.

4 Mass loss was obtained from TG data (Figure 3).
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ethanol (analytical grade) were purchased from
Hangzhou Chemical Reagents Co., Ltd., Hangzhou,
China.

Synthesis of OMnt

The OMnt samples were synthesized according to the
method described by Yu ef al. (2014). Weights of CTAB
equal to 1 x CEC, 1.5 xCEC, or 2 x CEC of Mnt were
dissolved in hot deionized water (45°C) to obtain
aqueous CTAB emulsions. The hot deionized water to
dry Mnt mass ratios were 19, 6, 5, 4, or 3. The CTAB
emulsion concentrations were 10.9, 34.6, 51.9, 62.3,
83.0, and 138.5 g/L, respectively. Into the above CTAB
emulsions, 5 g of dry Mnt were added with strong
stirring. For example, 95 g of hot deionized water was
used when the hot deionized water to dry Mnt mass ratio
was 19 in the aqueous CTAB emulsion. The water to dry
Mnt mass ratios were 19, 6, 5, 4, and 3, which
corresponded to 95, 86, 83, 80, and 75 wt.% water,
respectively, in the reaction mixtures (Table 1). The
resultant mixtures were kept at 60°C for 20 h and then
washed with deionized water 3—5 times until the
dissolved Br~ ions were removed. The dissolved Br~
ions were detected using AgNOj solution. The OMnt
samples produced were dried at 100°C for 12 h. The
OMnt samples were designated as OMnt(x)-yCEC,
where x is the water to dry Mnt mass ratio and y is the
CTAB amount (y =1 x, 1.5 x, and 2 x multiples of Mnt
CEC) added to the OMnt preparations.

Characterization

X-ray diffraction (XRD) patterns were measured
using a PANalytical X’Pert PRO X-ray diffractometer
(PANalytical, Almelo, The Netherlands) operated at
40 kV and 40 mA with Ni-filtered Cu Ko radiation (A =
0.1542 nm).

Fourier-transform infrared (FTIR) spectra of the
samples were collected using a Nicolet 6700 FTIR
spectrometer (Thermo-Nicolet, Madison, Wisconsin,
USA). The spectra were recorded at a resolution of
4 cm™' in the 400—4000 cm™' range using KBr sample
pellets.

The thermogravimetric (TG) and differential thermo-
gravimetric (DTG) curves of the samples were obtained
using a Mettler Toledo Star TGA/DSC1 unit (Mettler
Toledo Corp., Zurich, Switzerland). The sample was
heated at 15°C/min from room temperature to 800°C
with a N, gas flow.

Transmission electron microscopy (TEM) of the
OMnt samples was performed using a Tecnai G2 F30
S-Twin transmission electron microscope (Philips-FEI
Co., Eindhoven, The Netherlands) with the voltage set at
300 KV. The samples were diluted and dispersed in
xylene, dropped onto a C-coated Cu grid, and dried
under an infrared heat lamp prior to TEM observation.

The water contact angles of the samples were
measured using a Kriiss DSA100 (Kriiss Company,
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Hamburg, Germany) contact angle analyzer. The OMnt
powder samples were pressed into tablets under a
pressure of 15 MPa for 1 min. Single drops of distilled
water with a volume of 6 pL were deposited on the
surfaces of the OMnt tablets. The measurements were
repeated five times for every sample and the average
contact angle was calculated. The confidence interval of
the contact angles (B) were calculated according to the
statistical t-test using equation 1.

ts
Vn

where [ is the contact angle (in degrees, °), s is the
standard deviation (in degrees, °), ¢ is the confidence
factor at a 90% confidence level, and #n is the number of
measurements.

Swelling indices of OMnt were measured in xylene
and anhydrous ethanol. When 1 g of the OMnt sample
was added into 50 mL of xylene or anhydrous ethanol,
the mixture swelled freely at room temperature. After
leaving the mixtures static for 90 min, the swelling
indices (mL/g) were obtained from the volumes of
swollen OMnt samples in the organic media.

Contact angle (B) = B+ (1)

RESULTS AND DISCUSSION

XRD patterns

The XRD patterns of the pristine Mnt in comparison
to the OMnt samples (Figure 1) indicated dgg; spacing
expansion of the OMnt samples. The pristine Mnt
sample exhibited a weak (001) reflection at 5.75°20,
which corresponds to a dyg; spacing of 1.54 nm. All the
OMnt samples showed (001) reflections between 4.34°
and 5.02°20 with overlapping peaks at 6.04—6.62°20.
The OMnt samples, therefore, had a typical lamellar
structure (Tiwari et al., 2008). Compared to the pristine
Ca®"—Mnt, the doy spacing of the OMnt samples
increased up to 1.76—2.04 nm because of the large
amount of CTA" cations intercalated into Mnt inter-
layers (Zhu et al., 2011). For the OMnt(5)-2CEC and
OMnt(3)-2CEC samples, the higher concentrations of
CTAB (83.0, 138.5 g/L, and 2 x CEC) used to prepare
the samples resulted in the larger dog; spacings of 2.04
and 2.00 nm, respectively. The overlapping peaks at
6.04—6.62°20 corresponded to dyg; spacings of about
1.34—1.46 nm because a small amount of surfactant
(molecules and/or cations) was adsorbed as a monolayer
into the interlayer space of Mnt (Zhu et al., 2003; Xi et
al., 2005; Yapar et al., 2005). Among the OMnt samples,
the OMnt(3)-2CEC sample had the highest relative peak
intensity and the smallest half-height peak width for the
basal reflection. This observation suggests that the
OMnt(3)-2CEC sample had a more ordered structure
(Zhuang et al., 2015).

The CTA" cations were arranged in the interlayer
space of the OMnt samples according to the dyg; values
and the CTAB surfactant molecular configurations (Li
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Figure 1. XRD patterns: (a) Ca®"—Mnt; (b) OMnt(19)-1CEC;
(c) OMnt(6)-1CEC; (d) OMnt(4)-1CEC; (e) OMnt(5)-1.5CEC;
(f) OMnt(5)-2CEC; and (g) OMnt(3)-2CEC.

and Ishida, 2003; Khenifi et al., 2007). The CTA"
cations adopt a monolayer, a bilayer, a pseudotrilayer, a
paraffin-type monolayer, and a paraffin-type bilayer that
corresponded to dgo; values of 1.45—1.47, 1.75—1.85,
1.91-2.02, 2.25-2.50, and 3.85—4.14 nm, respectively,
with an increased order in the arrangements (Yu et al.,
2014). Thus, for the OMnt(x)-1CEC (x = 19, 6, and 4)
and OMnt(5)-1.5CEC samples, the CTA" cations
arranged as a bilayer (Zhu er al., 2005; Li et al.,
2010). For the OMnt(3)-2CEC sample, the CTA" cations
adopted a pseudotrilayer arrangement, whereas the
CTA" cations of the OMnt(5)-2CEC sample took a
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Figure 2. The contact angles of OMnt and models of the
arrangement of CTA" cations and CTAB molecules.

more ordered all trans configuration that was between a
pseudotrilayer and a paraffin-type monolayer (Figure 2).
The increased CTAB concentrations used in the pre-
paration mixture that ranged from 10.9-62.3 to
138.5 g/L led to a more ordered CTA" cation arrange-
ment in the interlayer space of OMnt samples according
to the dyo; values. This result indicates that high CTAB
concentrations (83.0, 138.5 g/L, and 2 x CEC) can help
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to increase the ordered arrangements of CTA" cations in
the interlayer space of OMnt samples.

FTIR spectra

The FTIR spectra of the OMnt samples, pure CTAB,
and the raw Ca’ —Mnt sample were compared
(Figure 3). The pure CTAB surfactant had two pairs of
absorbance peaks at 719 and 729 cm~' and at 1464 and
1473 em™' (Yu et al., 2014). The 719 and 729 cm™'
absorbance peaks were ascribed to the rocking vibration
of -CH, groups and the 1464 and 1473 cm ™' absorbance
peaks were ascribed to the scissoring vibration of -CH,
groups (Zhu et al., 2005; Xi et al., 2007). Furthermore,
pure CTAB also showed two absorption bands at 2850
and 2918 cm™', which correspond to the symmetric and
asymmetric stretching vibrations of -CH, from the
CTAB alkyl chains (Li and Ishida, 2003; He et al.,
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2004). For the pristine Ca?" —Mnt sample, none of the
strong absorption bands noted above were observed.

After Ca®*—Mnt was modified with CTAB to
produce OMnt samples, all the OMnt samples except
OMnt(5)-2CEC had broad singlet absorbance peaks at
719 and 1473 cm™'. These singlet absorbance peaks
indicate that CTAB molecules or CTA" cations adsorbed
to OMnt samples had the conformation of a liquid like
state (Li et al., 2010). The OMnt(5)-2CEC sample
exhibited two obvious pairs of absorbance peaks, one
pair at 721 and 729 cm~' and another pair at 1464 and
1473 c¢cm™'. The pure solid-state CTAB has similar
paired sets of peaks. This result indicates that CTAB
molecules or CTA" cations adsorbed to OMnt(5)-2CEC
had a more ordered solid-like state than those adsorbed
to the other OMnt samples (Zhu et al., 2008).

All the OMnt samples exhibited absorption bands at
around 2850 and 2918 cm ™! similar to pure CTAB, but
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Figure 3. FTIR spectra of (a) pure CTAB; (b) pristine Ca?"—Mnt; (¢) OMnt(19)-1CEC; (d) OMnt(6)-1CEC; () OMnt(4)-1CEC;

(f) OMnt(5)-1.5CEC; (g) OMnt(5)-2CEC; and (h) OMnt(3)-2CEC. v,(CH,), vy(CH,),

vss(CH»), and v,5(CH,) mean rocking

vibration, scissoring vibration, symmetric stretching vibration, and asymmetric stretching vibration of methylene groups in the

surfactant.
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the pristine Ca?" —Mnt sample did not have these bands.
This result indicates that the CTAB surfactant (mole-
cules and cations) were adsorbed to the OMnt samples.
For the OMnt(x)-1CEC (x = 19, 6, and 4) and OMnt(5)-
1.5CEC samples, the asymmetric -CH, stretching vibra-
tions shifted from 2918 to 2922-2924 cmfl, whereas
this band shifted to 2919—2920 ¢cm ™' for the OMnt(x)-
2CEC (x = 5 and 3) samples. The absorption band shift
from 2918 ¢cm ™' to higher wavenumber could be caused
by a decrease in the order of the arrangement of CTA"
cations in the interlayer space of OMnt, such as the
change from an ordered solid-state like structure to a
disordered liquid-state like structure (Li et al., 2010).
The observations above indicated that OMnt(5)-2CEC
and OMnt(3)-2CEC had more ordered CTA" cation
arrangements than OMnt(x)-1CEC (x = 19, 6, and 4) and
OMnt(5)-1.5CEC samples because of the greater CTAB
concentrations used in the preparation. These results
were also confirmed by the XRD data above.

Adsorption mechanisms

The Mnt particles have two kinds of electric charge:
A negative structure charge and a variable (pH
dependent) charge. The structural negative charge is

i .

OMnt
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caused by isomorphous substitution of Mg?", Fe**, erc.

for AI*" in the octahedral sheet and/or AI** for Si** in
the tetrahedral sheets. Hydroxyl groups are exposed at
the broken edges of Mnt platelets. The variable charge
results from protonation/deprotonation of these hydroxyl
groups and it varies with the pH (van Olphen, 1963;
Greaves and Wilson, 1969; Chen et al., 2017). The
isoelectric point (pl) of Mnt is 1.47 (de Santana et al.,
2006). When the pH is less than the pl, the variable
surface charge is positive (Mnt—AlOH3), whereas at pHs
> pl, it is negative due to the formation of Mnt—AlO™
groups at the broken edges (Kraepiel et al., 1998; Paget
and Simonet, 1994; Yu et al.,, 2013). In the present
study, the variable charge of Mnt particles was negative
because the pH of the aqueous CTAB emulsion was
between 7.1 and 7.3.

The adsorption mechanism of cationic CTAB surfac-
tant onto Mnt involves three possible types of interaction
(Scheme 1): (a) Cation exchange to Mnt basal surfaces,
(b) hydrophobic interactions of alkyl groups, and
(c) electrostatic adsorption to Mnt edges (Dultz et al.,
2005; Meleshyn and Bunnenberg, 2006). Firstly, when
the CTAB surfactant was mixed with Ca’>"—Mnt, the
hydrated Ca®>' in the interlayer space of Mnt was

Exposed hasal plane

-«— Broken edge

Mnt-AIOH: hydroxyl groups at the
broken edges of Mnt

@ Structural negative charge

© Negative Mnt-AlO™ groups at
the broken edges of Mnt

CTA* cations which were
intercalated into the
interlayer spaces of Mnt by
ion exchange

CTAB molecules which were
adsorbed into the interlayer
spaces of Mnt by hydrophobic
interactions

CTA" cations which were
adsorbed onto the external
surface of Mnt by electrostatic
adsorptions between the
negative Mnt-AlO™ and CTA*
cations

Scheme 1. Adsorption mechanisms of CTA™ cations and CTAB molecules onto Ca®*—Mnt.
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replaced with CTA" cations to balance the structural
negative charge of Mnt. Secondly, after the CTA"
cations intercalated into the interlayer space of Mnt, a
small number of CTAB molecules (in the form of
CTA"'—Br~ ion pairs) were also drawn into the interlayer
space of Mnt by hydrophobic bonding because of the
long alkyl chains of CTAB (Klebow and Meleshyn,
2012; Chen et al., 2017). Lastly, negative Mnt—AlO™
groups are located at the broken Mnt edges. The CTA"
cations adsorb onto external surfaces of Mnt by
electrostatic interactions between the negative
Mnt—AIO~ groups and CTA" cations in the CTAB
emulsion. These interactions decrease in strength in the
order: lon exchange (electrostatic adsorption within the
interlayer space) > electrostatic adsorption (at the edges
of clay layers) > hydrophobic interactions of alkyl
groups. The strength of the interaction forces affected
the thermal stability of CTAB molecules or CTA"
cations on OMnt and was confirmed by the TG-DTG
analysis below. This analysis implied that the CTAB
surfactant adsorbed on OMnt had three forms, i.e.,
(a) CTA" cations; (b) CTAB molecules in the interlayer
space of OMnt; and (c) CTA" cations on the external
surfaces of OMnt, respectively. One may assume that no
CTAB molecules can exist on OMnt external surfaces
because the Br~ ions were removed by washing with
water.

TG-DTG analyses

The TG-DTG results (Figure 4) show the thermal
stability of CTAB-modified OMnt samples and the
amounts of CTAB adsorbed to OMnt. The pure CTAB
solid completely decomposed at 194—342°C. For the
pristine Ca®>'—Mnt sample, no weight-loss peak was
discerned between 184 and 500°C. This result indicates
that the Ca>' —Mnt sample contained little or no organic
matter.

Both the OMnt(5)-2CEC and OMnt(3)-2CEC samples
had three obvious weight-loss peaks centered at 272, 325,
and 439°C, respectively. At 184—307, 307—360, and
360—500°C, three stages of surfactant mass losses were
observed. Yu et al. (2014) reported similar results when
CTAB equal to 2 x the CEC of Mnt was used to prepare
an OMnt sample. The OMnt(x)-1CEC (x = 19, 6, and 4)
and OMnt(5)-1.5CEC samples had two weight-loss peaks
at 325 and 439°C. Compared to the OMnt(5)-2CEC and
OMnt(3)-2CEC samples, the first stage of mass loss at
184—-307°C for OMnt(x)-1CEC (x = 19, 6, and 4) and
OMnt(5)-1.5CEC was less obvious. Based on the analysis
of the CTAB adsorption mechanisms above, the three
stages of mass loss resulted from the decomposition of
(1) CTA" cations on the OMnt external surfaces,
(2) CTAB molecules, and (3) CTA" cations in the
interlayer space of OMnt, respectively (Xi et al., 2005).

The difference in the strength of the interactions
between Mnt and CTAB surfactant (molecules or
cations) led to decomposition at different temperatures
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Figure 4. TG-DTG curves of pure CTAB surfactant:
(a) Ca®’" —Mnt; (b) OMnt(19)-1CEC; (¢) OMnt(6)-1CEC;
(d) OMnt(4)-1CEC; (e) OMnt(5)-1.5CEC; (f) OMnt(5)-2CEC;
and (g) OMnt(3)-2CEC.

(Yu et al., 2014). Ion exchange in the interlayers was the
strongest interaction compared with hydrophobic bond-
ing and electrostatic adsorption at the edges of clay
layers. Therefore, the CTA" cations, which were bound
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into the interlayer space of OMnt via ion exchange,
needed the highest temperatures (360—500°C) for
decomposition and desorption. The surfactant molecules
adsorbed by hydrophobic interactions decomposed at
307—-360°C for the different OMnt samples. The higher
surfactant decomposition temperatures in the interlayer
space were due to protection from the two adjacent Mnt
layers. The CTA™ cations electrostatically adsorbed onto
the external surfaces of OMnt were desorbed and
decomposed at lower temperatures (184—307°C)
because the surfactant adsorbed at the edges of Mnt
layers was more exposed (Xi et al., 2005; He et al.,
2006b).

The amounts of CTAB were 17.2, 23.7, and 29.3%
(100*CTAB wt./(CTAB wt. + dry Mnt wt.)) and were
used to prepare OMnt(x)-1CEC (x = 19, 6, and 4),
OMnt(5)-1.5CEC, and OMnt(x)-2CEC (x = 3 and 5)
samples, respectively. For the OMnt(x)-1CEC (x =19, 6,
and 4) and OMnt(5)-yCEC (y = 1.5 and 2) samples, the
amounts of CTAB used for OMnt synthesis were near
the actual mass losses of total CTAB (16.1—17.7, 22.7,
and 27.4%). The actual mass loss of total CTAB for
OMnt(3)-2CEC was 22.3%, which is much lower than
the amount of CTAB used for OMnt synthesis (29.3%)
(Table 1). Moreover, the mass losses of the OMnt(x)-
2CEC (x = 5 and 3) samples were 9.8% and 13.9%,
which is higher than the mass losses (3.7—5.0%) of the
OMnt(x)-1CEC (x = 19, 6, and 4) and OMnt(5)-1.5CEC
samples at 184—307°C because the OMnt(x)-2CEC (x =
5 and 3) samples had more CTA" cations adsorbed to
external surfaces. The mass losses were similar at both
307-360°C (3.7—5.4%) and 360—-500°C (8.2—9.6%),
except OMnt(5)-1.5CEC had a higher mass loss (12.3%)
at 360—500°C. This result indicates that the high CTAB
concentration (2 x CEC) used to prepare the samples
facilitated the adsorption of more surfactant onto the
OMnt outer surfaces.

The amount of CTAB loaded onto Mnt was found
from equation 2.

Letag =
1000 x CTAB%
100% — H,O% — CTAB%

(mgCTAB/g — dryMnt) (2)

where Lcrap 1S the amount of CTAB (mg/g-dry Mnt)
and H,O0% and CTAB% are the mass losses from
dehydration and loss of total CTAB, respectively
(Table 1).

The amounts of CTAB surfactant adsorbed to dry
Mnt increased from 197.3 to 385.9 mg/g-dry Mnt as the
CTAB concentration in the CTAB emulsion was
increased from 10.9 to 83.0 g/L in the OMnt synthesis
(Table 1). This result is consistent with a report that the
amount of CTAB adsorbed to Mnt was near 250 mg/g-
Mnt when the CTAB equilibrium concentration was
about 6 g/L above the CMC (Moslemizadeh et al., 2016).
However, the amount of CTAB adsorbed decreased from

https://doi.org/10.1346/CCMN.2017.064068 Published online by Cambridge University Press

Yu et al.

Clays and Clay Minerals

385.9 to 294.6 mg/g-dry Mnt with a further increase in
the CTAB concentration from 83.0 to 138.5 g/L. This
was probably due to the fact that the excess surfactant on
OMnt external surfaces was removed when the samples
were washed with water.

Distribution of surfactant on OMnt

The distribution of surfactant on OMnt samples
(Table 2) was calculated according to published reports
(Liu et al., 2011; Xi et al., 2010) using equations 3, 4,
and 5:

ml% X 105
EXopp =
CTA™ ™ 284.45 x (1 —m %) x CEC 3)
B m% x 10°
INCTAB = 364345 % (1 — my%) x CEC @
M3% X 105
INgpp+ (5)

T 284.45 x (1 — m3%) x CEC

where EXcras is the amount (CEC) of CTA" cations
absorbed on the outer surfaces of OMnt; [INctap and
INcrta+ are the amounts (CEC) of CTAB molecules and
CTA" cations absorbed in the interlayer spaces of OMnt;
m%, my%, and m3% are the mass losses (%) of CTAB
surfactant at 184—307, 307-360, and 360—500°C
(Table 1); CEC is the cation exchange capacity of Mnt
(mmol/100g); and 284.45 and 364.45 are the respective
molar weights of CTA" and CTAB (g/mol).

For all the OMnt samples, the amounts of CTA"
cations exchanged into the interlayer spaces were about
0.62—0.98 x CEC. Thus, the Ca®" ions in the Mnt
interlayer space did not completely exchange with
CTA" cations. This observation is inconsistent with
earlier publications (Feng et al., 2009; Lapides et al.,
2011). For the OMnt(5)-1.5CEC sample, a maximum
amount of 0.98 xMnt CEC of CTA" cations were
exchanged for Ca?" ions. For the OMnt(x)-1CEC (x =
19, 6, and 4) and OMnt(x)-2CEC (x = 5 and 3) samples,

Table 2. The distribution of CTAB surfactant on OMnt.

Sample —— Amount (CEC) ——
EXcra+®  INcras INcras+ €

OMnt(19)-1CEC 0.27 0.22 0.62
OMnt(6)-1CEC 0.29 0.25 0.70
OMnt(4)-1CEC 0.31 0.23 0.72
OMnt(5)-1.5CEC 0.40 0.34 0.98
OMnt(5)-2CEC 1.18 0.29 0.78
OMnt(3)-2CEC 0.78 0.27 0.65

* EXcras is the fraction of the Mnt CEC of CTA™ cations
absorbed on the outer surfaces of OMnt.

® INerag and € INcras, respectively, are the fractions of
CTAB molecules and CTA" cations adsorbed in the
interlayer space of OMnt.
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the amounts of exchanged interlayer CTA" cations were
similar (0.62—0.78 x CEC). This result indicates that a
62.3 g/l CTAB concentration and a water to Mnt mass
ratio of 5 favored more complete cationic exchange in
the present work and that CTAB concentrations affect
the amount of CTA" cations intercalated in OMnt
interlayers. Based on the XRD study and the FTIR
spectral analysis above, however, the OMnt(5)-1.5CEC
sample did not have a more ordered arrangement of
interlayer CTAB surfactant cations in comparison to the
other OMnt samples.

For all the OMnt samples, approximately
0.22—0.34 x Mnt CEC of the surfactant molecules were
adsorbed in the interlayer spaces through hydrophobic
interactions and the amounts adsorbed were very similar.
This result suggests that the CTAB concentration and the
water to Mnt mass ratio had little influence in
facilitating CTAB molecule adsorption to the Mnt
interlayer spaces by hydrophobic bonding. This finding
is similar to our earlier report (Yu et al., 2014).

The amounts of CTA" cations adsorbed to OMnt
external surfaces was between 0.27 and 1.18 x Mnt CEC.
For the OMnt(x)-1CEC (x = 19, 6, and 4) and OMnt(5)-
1.5CEC samples, the amounts of CTA" cations on
external surfaces were similar (0.27—0.40 x Mnt CEC)
because the OMnt synthesis was at low CTAB concen-
trations (10.9—62.3 g/L, 1 x CEC, and 1.5 x Mnt CEC of
added CTAB). The high CTAB concentrations (83.0 and
138.5 g/L, 2 xMnt CEC) helped Mnt to adsorb much
more CTA" cations (1.18 x and 0.78 x Mnt CEC, respec-
tively) on OMnt external surfaces. Thus, high CTAB
concentrations (83.0 and 138.5 g/L, 2 x CEC of CTAB)
had a great influence on the amount of CTA" cations
adsorbed to OMnt(x)-2CEC (x = 5 and 3) external
surfaces.

Based on the observations above, the CTAB emulsion
concentration used for OMnt synthesis affected the
distribution of adsorbed of CTAB molecules and CTA"
cations on OMnt external surfaces and interlayers (Xi et
al., 2005). When the CTAB concentration was <51.9 g/L
(1 xMnt CEC of added CTAB), the adsorbed distribu-
tions of CTAB molecules and CTA" cations on OMnt
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were similar. When the CTAB concentration was
>62.3 g/L (1.5-2xMnt CEC of added CTAB), the
distribution of adsorbed CTAB molecules and CTA"
cations differed significantly.

Contact angles of OMnt

The contact angles between water and OMnt samples
can be used to assess the affinity between OMnt and
organic media and to quantitatively describe the wett-
ability (Alghunaim ef al., 2016). The contact angles of
water with hydrophilic surfaces is <90° and >90° for
hydrophobic surfaces. OMnt samples with larger contact
angles have greater surface hydrophobicity. The average
contact angle of a hydrophilic Ca>"—Mnt sample was
19.7°, which is close to the reported values for Na*—Mnt
samples (Ballah et al., 2016; Zheng and Zaoui, 2017).
The average CTAB contact angle was 27.3°. Compared
to CTAB and Ca®"—Mnt samples, the contact angles of
all the OMnt samples with water were <90°, ranged from
33.5° to 70.6°, and generally increased with CTAB
loading (Table 3). The contact angle results indicated
that the OMnt surfaces were still hydrophilic (<90°), but
more hydrophobic than Ca>*—Mnt surfaces. The average
water contact angle values decreased in the order
OMnt(4)-1CEC > OMnt(19)-1CEC > OMnt(6)-1CEC >
OMnt(3)-2CEC > OMnt(5)-1.5CEC > OMnt(5)-2CEC >
Ca®"—Mnt. Four factors affected the water contact
angle: (1) The distribution of surfactant on OMnt, (2)
the amount of surfactant cations in the OMnt interlayer
space, (3) the orientation of surfactant ions on the outer
surfaces of OMnt, and (4) the arrangement of the
surfactant in the OMnt interlayer space.

The OMnt(x)-1CEC (x = 19, 6, and 4) samples had
comparable average contact angle values of between 66.2°
and 70.6° because the surfactant distributions and
surfactant arrangements were similar. The OMnt(x)-
ICEC (x = 19, 6, and 4) samples had higher average
contact angles than the OMnt(5)-1.5CEC, OMnt(x)-2CEC
(x =3 and 5) samples. This result can be explained by the
orientations of surfactant ions on the outer surface and in
the interlayer space of OMnt. The surfactant hydrophilic
groups on the external surface and in the interlayer space

Table 3. The contact angles and swelling indices of OMnt.

Sample Contact angles (°) Indices in organic media (mL/g)
Xylene Anhydrous ethanol
Ca*' —Mnt 19.742.5 - -
CTAB 27.3+2.2 - -
OMnt(19)-1CEC 67.8+2.0 10 6
OMnt(6)-1CEC 66.2+1.8 9 6
OMnt(4)-1CEC 70.6+1.7 11 7
OMnt(5)-1.5CEC 59.5+1.5 26 6
OMnt(5)-2CEC 33.5+2.8 19 5
OMnt(3)-2CEC 62.0+2.0 39 6

+ denotes the error determined using the statistical t-test of equation 1.
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of the OMnt(x)-1CEC (x = 19, 6, and 4) samples pointed
inward, but the hydrophobic surfactant tails were exposed
to the outer medium (Figure 2).

The average contact angle of OMnt(5)-1.5CEC was
59.5°, which was close to the 62.0° of OMnt(3)-2CEC.
However, the similar hydrophilicity values were caused
by different microstructures. The OMnt(5)-1.5CEC
sample had the highest amount of exchanged CTA"
cations (0.98 x CEC), which caused the hydrophilic
groups of some CTA" cations in the OMnt inner surface
to point outward. In contrast, the orientation of the
OMnt(3)-2CEC sample hydrophilic CTA" cation groups
in the OMnt inner surfaces were similar to those of the
OMnt(x)-1CEC (x = 19, 6, and 4) samples because of a
low amount of exchanged CTA" cations
(0.62—0.72 x CEC). The hydrophilicity of the OMnt
(3)-2CEC sample was probably caused by the small
amount of the positively charged, excess CTA" cation
(0.78 x CEC) head groups on OMnt external surfaces
that point outward (Cipriano et al., 2005; Zhuang et al.,
2016). Zhuang et al. (2015) reported 55° and 50° water
contact angles for CTAB-modified OMnt samples,
which were prepared using a water to Mnt mass ratio
of 30 and amounts of CTAB equal to 1.4x and
2.1 xMnt CEC. The present work indicates that a
small amount of water (water to Mnt mass ratios of 3
and 5) can also be used to prepare CTAB-modified
OMnt samples with similar hydrophobicities.

The OMnt(5)-2CEC sample had a minimum average
contact angle of 33.5°, which was near the contact angle
of pure CTAB (27.3°). The greatest amount of CTA"
cations (1.18 x CEC) was on the OMnt(5)-2CEC sample
external surfaces and was mainly responsible for the
hydrophilicity. A large number of the CTA"' cation
hydrophilic groups (positively charged head) on OMnt
sample outer surfaces pointed outward. Moreover, a high
amount of exchanged CTA" cations (0.78 x CEC) in the
inner surfaces led more of the hydrophilic groups from
CTA" cations to point outward. This observation is in
agreement with the report by Zhuang et al. (2015).

Swelling indices of OMnt

The swelling indices of OMnt samples in xylene and
anhydrous ethanol (Table 3) indicate that OMnt samples
can disperse in solvents with different polarities.
According to the swelling index values in liquid media,
the materials were divided into zero swelling (<2 mL/g),
intermediate swelling (5 < value < 8 mL/g), and high
swelling (>8 mL/g) (Zhuang et al., 2015). The prepared
OMnt samples swelled a lot in xylene, but only to an
intermediate extent in anhydrous ethanol. The swelling
indices (5—7 mL/g) in anhydrous ethanol in the present
work were close to reported values (6.1—9.1 mL/g) for
CTAB-modified Mnt (Zhuang et al., 2015). The swelling
indices of OMnt were higher in xylene (9—39 mL/g) than
in anhydrous ethanol because xylene is less polar than
anhydrous ethanol. The solubility of CTAB was greater in
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anhydrous ethanol than in xylene. Thus, more of the
surfactant on the outer surfaces of OMnt was dissolved
into anhydrous ethanol than into xylene. The freely
dissolved surfactant, therefore, led to decreased swelling
indices in anhydrous ethanol (Yu et al., 2014,
Moslemizadeh et al., 2016). This observation is consistent
with the report that CTAB-modified Mnt had lower
swelling indices in nonpolar diesel oil than in polar
anhydrous ethanol (Zhuang et al., 2015).

For the OMnt(x)-1CEC (x = 19, 6, and 4) samples, the
swelling indices were low (9—11 mL/g) and the values
in xylene differed little because of the similar surfactant
distributions on the OMnt samples (Table 2). The
swelling index of OMnt(3)-2CEC reached a maximum
value of 39 mL/g in xylene. These results could be
explained by the appropriate amount (0.78 x Mnt CEC)
of surfactant on the outer surfaces and a higher ordering
of the OMnt(3)-2CEC structure as discussed above in the
XRD patterns section and in Zhuang et al. (2015).
Though the OMnt(5)-2CEC sample had a structural
ordering similar to the OMnt(3)-2CEC sample, the
OMnt(5)-2CEC sample had a lower swelling index
(19 mL/g) in xylene. This result was caused by two
probable reasons. On the one hand, the excess surfactant
on the outer surface of OMnt(5)-2CEC was easy to
desorb. On the other hand, the hydrophilicity of
OMnt(5)-2CEC was higher than that of OMnt(3)-
2CEC. For the OMnt(5)-1.5CEC sample, the swelling
index was 26 mL/g, which is between the swelling index
values of the OMnt(3)-2CEC (39 mL/g) and OMnt(5)-
2CEC (19 mL/g) samples. This has the same trend as the
water contact angle values. Namely, the water contact
angle of OMnt(5)-1.5CEC was 59.5 + 1.5°, which is
between the OMnt(3)-2CEC (62.0 £ 2.0°) and OMnt(5)-
2CEC (33.5 + 2.8°) values.

Based on the observation above, the swelling index of
OMnt depends on the OMnt surfactant distribution and
structural order. The amount (0.40—1.18 x CEC) of
surfactant on the outer surfaces of OMnt and the high
contact angle helped to increase the OMnt swelling
index and dispersion in xylene. Further, the low water to
Mnt mass ratio (i.e. 3) used to prepare OMnt(3)-2CEC
can also achieve a high swelling index in xylene.

Assembly of clay platelets of OMnt

The microstructures of inorganic Mnt platelets in water
after swelling are usually described in terms of edge-to-
edge, edge-to-face, and face-to-face (Ebrahimi er al.,
2016). Ebrahimi et al. (2016) concluded that the face-to-
face association was the strongest interaction in clay
platelet aggregates in water based on Molecular Dynamics
simulations. For Mnt in water and especially for OMnt in
an organic medium, however, how the individual clay
platelets assemble is still poorly understood. The TEM
images of OMnt(3)-2CEC dispersed in xylene (Figure 5)
show that the OMnt sample was composed of platelet-like
structures and that the OMnt platelets were aggregated
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together with sizes of about 10—1000 nm. The results
indicated the morphologies of OMnt dispersed in xylene
were similar to those of Mnt dispersed in water (Mouzon
et al., 2016). Pluart et al. (2004) also reported that a single
platelet of delaminated Mnt had a length of 100—1000
nm, a thickness of 1 nm, and aggregates up to
approximately 2—10 pm in water. In the present work,
the OMnt clay platelets dispersed in xylene were
associated by edge-to-edge (Figure 5b), face-to-face
(Figure 5c), and face-to-edge interactions (Figure 5d).

a
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The three modes of clay platelet association formed at
different OMnt clay platelet sites. The edge-to-edge
association was arranged at the broken edges of
neighboring clay platelets. The exposed basal planes
associated into a face-to-face configuration. The face-to-
edge configuration formed between the exposed basal
planes and the platelet edges. A detailed description of the
interactions between single OMnt platelets is shown in
Figure 6. The face-to-face associations depended on the
electrostatic interactions between CTA"' cations and

Figure 5. TEM images of OMnt(3)-2CEC: (a) Aggregation of clay platelets in xylene; (b) edge-to-edge association; (¢) face-to-face

association; and (d) face-to-edge association.
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Figure 6. Interactions between platelets of OMnt: (a) Face-to-face interaction; (b) edge-to-edge interaction; (c) face-to-edge
interaction; and (d) aggregation by face-to-face, edge-to-edge, and face-to-edge platelets, where <2 represents the CTA " cations

on the edges and the faces of OMnt platelets

negative clay platelets. Both edge-to-edge and edge-to-
face associations mainly occurred due to hydrophobic
interactions between the CTA" cations adsorbed on OMnt
broken edge and face surfaces. These observations are in
agreement with a report by Burgentzlé et al. (2004).

CONCLUSIONS

The present work shows that OMnt can be prepared
using high concentrations (10.9 and 138.5 g/L) of
aqueous CTAB solutions and Ca®’"—Mnt. The Mnt
adsorbs the CTAB surfactant by ion exchange in
interlayers, hydrophobic interactions, and electrostatic
interactions with particle edges. The addition of CTAB
and water affected the amount of adsorbed surfactant,
the OMnt microstructure, surfactant distribution, hydro-
phobicity, swellability, and dispersion in xylene. The
amount of adsorbed CTAB reached a maximum of 385.9
mg/g-dry Mnt for the OMnt(5)-2CEC sample and a
maximum of 1.18 xMnt CEC of CTA" adsorbed to
external surfaces. A maximum of 0.98 x Mnt CEC of
CTA" cations were intercalated into the OMnt(5)-
1.5CEC interlayers. The hydrophobicity, swellability,
and dispersion of OMnt in xylene depended on the
surfactant distribution on OMnt, the orientation of
surfactant ions on the OMnt outer surfaces, and the
structural arrangement of the surfactant in the OMnt
interlayer space. The OMnt(3)-2CEC sample achieved a
maximum swelling index (39 mL/g) in xylene. An OMnt
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sample with a high swelling index can be prepared using
a small amount of water. The OMnt clay platelets
dispersed in xylene were associated by face-to-face,
face-to-edge, and edge-to-edge interactions.
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