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In this study, organo-vermiculites (HEVrm)were prepared bymodifying expanded vermiculite (EVrm)with dif-
ferent amounts of surfactant (hexadecyltrimethyl ammonium bromide, HDTMAB). The obtained HEVrm were
characterized by using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and thermogra-
vimetric analysis (TG). Instead of a gradual increase of the basal spacing for organo-montmorillonite (OMt) as re-
ported in literatures, a one-stepped increase of the basal spacing was observed for HEVrm. As such, the
intercalation of surfactant into the interlayer space of EVrm is not homogeneous. In particular, only part of the
interlayer spaces of EVrm were intercalated by surfactants at low HDTMAB concentration; with the increase of
surfactant concentration, more and more interlayer spaces were intercalated, reaching a “saturation” state at
last. The intercalated surfactant adopted a paraffin-monolayer arrangement with all-trans conformation within
the interlayer space. The decomposition temperature of the intercalated surfactant in HEVrm is very similar to
that of neat surfactant. The protection of the clay mineral layers for the thermal stability of the intercalated sur-
factant is not obvious, which is very different from that for OMt. This may be due to the one-stepped increase of
the basal spacing inHEVrmwith relatively large interlayer height. Thesefindings are of high importance for prep-
aration and application of HEVrm.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

During the recent decades, organoclays (OC) have attracted great at-
tentions due to their extensive application in various fields such as ad-
sorbents for organic contaminants and as fillers of clay-based polymer
nanocomposites (He et al., 2005a; Liu et al., 2011; Zhu et al., 2011; Cai,
2012; Zhu et al., 2012b; Bergaya and Lagaly, 2013; Wang et al., 2013).
OC showed significantly improved adsorption capacity towards organic
contaminants in comparison with that of the original clay minerals (He
et al., 2006); while clay-polymer complexes displayed increased
strength and heat resistance, decreased gas permeability and flamma-
bility (Tjong and Meng, 2003). These improvements are highly depen-
dent on the structure and property of OC (He et al., 2014), including
basal spacing, loaded surfactant quantity, and existing styles of surfac-
tant (i.e., cation or molecule). OC are usually obtained by introducing
cationic surfactants into the interlayer space of clay minerals via cation
exchange with previously existing interlayer cations (Bergaya and
Lagaly, 2011). Up to now, themostwidely used claymineral ismontmo-
rillonite (Mt),which has a relatively lowcharge density (0.2–0.6 eq./for-
mula unit) (Zhu et al., 2003; He et al., 2010).
A number of studies have demonstrated that the basal spacing of
organo-montmorillonites (OMt) increased with the increase of loaded
surfactant quantity. A maximum basal spacing could reach when the
amount of the loaded surfactant is N1 times of the clay mineral's cation
exchange capacity (CEC) (Zhu et al., 2012a). In this case, both surfactant
cation and molecule (ion-pair) can be intercalated into the interlayer
space, resulting in significant effects on the structure and property of
the resultant OMt (Xi et al., 2007a). For instance, the intercalation of
surfactant molecule could dramatically decrease the thermal stability
of OMt (He et al., 2005c).

Basal spacing and organic carbon content are of high importance in
the application of OC, which strongly depend on the layer charge densi-
ty of clay minerals (He et al., 2010). Vermiculite (Vrm) is a 2:1 type
phyllosilicate with higher layer charge density (0.6–0.9 eq./formula
unit) than Mt (0.2–0.6 eq./formula unit) (He et al., 2005c). The Vrm
layer is composed of oneMg-O4(OH)2 octahedral sheet sandwiched be-
tween two opposing Si-O tetrahedral sheets. The layer charge mainly
arises from the substitution of Al3+ for Si4+ in tetrahedral sheet
(Brigatti and Theng, 2013), which is balanced by interlayer exchange-
able cations (e.g., Mg2+, Na+, Ca2+, and K+). Due to high charge densi-
ty, Vrmmay adoptmore cationic surfactant thanMtwithin its interlayer
space (Mittal, 2012b). Thus, organo-vermiculite (HEVrm)with high or-
ganic carbon content and large basal spacing can be obtained via
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Table 1
The amounts of the added surfactant in preparation solution and the loaded surfactant in
HEVrm, and basal spacing of the resultant HEVrm.

Samples
Amount of added surfactant
(CEC)

Amount of loaded surfactant
(CEC)

d
(nm)

EVrm 0 0 1.48
HEVrm0.2 0.2 0.18 2.71
HEVrm0.4 0.4 0.38 2.76
HEVrm0.6 0.6 0.57 2.77
HEVrm0.8 0.8 0.82 2.80
HEVrm1.0 1.0 1.13 2.82
HEVrm1.5 1.5 1.43 2.88
HEVrm2.0 2.0 1.62 2.94
HEVrm3.0 3.0 1.37 2.88
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exchange between the interlayer cations and cationic surfactants (e.g.,
quaternary ammonium), which has potential application as effective
adsorbent towards organic contaminants, and as filler for polymer-
clay nanocomposites (Valaskova et al., 2009; Dultz et al., 2012; Placha
et al., 2014). Thermal stability of OC is a critical factor for preparation
and application of clay-based polymer nanocomposites, as they are pre-
pared bymixing polymers and OC at high temperature and sheared in a
compounder (Mittal, 2012a). A considerable body of literature has re-
ported the investigations of the thermal stability of OC under different
conditions on OMt (Hedley et al., 2007), much less on HEVrm.

In this study, HEVrm were prepared with expanded vermiculite
(EVrm) under different concentrations of hexadecyltrimethyl ammoni-
um bromide (HDTMAB). A combination of characterization techniques,
including thermogravimetric analysis (TG), X-ray diffraction (XRD), and
Fourier transform infrared spectroscopy (FTIR), was applied to investi-
gate the structure and thermal stability of the resulting HEVrm. The ob-
tained insights are of high importance for preparation and application of
OC.
2. Experimental

2.1. Materials

EVrm was obtained from Shijiazhuang, Hebei Province, China. The
chemical composition (wt%) of EVrm is as follows: SiO2 28.37%, Al2O3

19.6%, Fe2O3 5.85%, CaO 7.21%, MgO 27.05%, Na2O 0.21%, K2O 1.44%,
TiO2 0.85%, L.O.I. 11.96%. The sample was dried at 80 °C and ground
through a 100 mesh sieve. The cation exchange capacity (CEC) of
EVrm is 122.4 mmol/100 g, determined by the adsorption of
[Co(NH3)6]3+ (Wang et al., 2015). HDTMAB (C19H42NBr, FW:
364.446) with a purity of 99% was provided by Nanjing Robiot Co.,
Ltd., China. All these materials were used as received without any fur-
ther treatment.
Fig. 1. XRD patterns of EVrm, HDTMAB and HEVrm samples.
2.2. Synthesis of organo-vermiculite

HEVrmwere prepared according to the following procedure. 5.0 g of
EVrm was dispersed in 200 mL of distilled water under stirring for
10 min. A pre-dissolved stoichiometric amount of HDTMAB solution
was slowly added into the EVrm dispersion. The dispersion was stirred
at 80 °C and 800 rpm for 4 h, and aged at 80 °C for 48 h. The amounts of
HDTMAB added were 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, and 3.0 CEC of EVrm,
respectively. The obtained products were washed with distilled water
until bromide anion free, which were determined by AgNO3 solution,
and then dried at 80 °C for about 12 h. The obtained samples were
ground in an agate mortar for further investigation. The HDTMABmod-
ified EVrmare denoted asHEVrmx, where x stands for theHDTMAB con-
centration under which HEVrm was prepared.
2.3. Characterization methods

Elemental analysis of carbon was conducted on an Elementar Vario
EL III Universal CHNOS Elemental Analyzer. About 5 mg of sample was
placed in a tin boat and burnt under pure O2 environment. Concentra-
tions of the resulting CO2 andN2were analyzed as a function of the ther-
mal conductivities of the produced CO2 and NOx gases. The original
EVrm has an organic-carbon content of 0.28%, and the loaded surfactant
amount in HEVrm was calculated by subtracting the organic-carbon
content (0.28wt%) in the original EVrm from themeasured organic-car-
bon contents value (foc) in HEVrm.

The X-ray diffraction (XRD) patterns of the samples were recorded
on a Bruker D8 Advance diffractometer with Ni-filtered Cu Kα radiation
at 40 kV and 40 mA between 3° and 12° at a scan rate of 1° (2θ) min−1.
In order to investigate the intercalation processes, the XRD patterns
(2θ = 5–7°) of the HEVrm prepared at 0.2, 0.4, 0.6, and 0.8 CEC were
fitted by the PEAKFIT using a Gauss-Lorentz function, and the position
and area of reflections were obtained. The goodness-of-fit (R2) values
for all reflections are ≥0.99.

Fourier-transform infrared (FTIR) spectra of the samples were ob-
tained on a Bruker vertex-70 spectrometer. The specimens were pre-
pared for measurements by mixing 0.9 mg of sample powder with
80mgof KBr and pressing themixture into a pellet. The spectrawere re-
corded at 25 °C over the range of 4000–600 cm−1 with 64 scans and a
resolution of 4 cm−1.

Thermogravimetric (TG) analysis was performed on a Netzsch
STA409PC instrument operating from 30 °C to 1000 °C under a high
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purityflowing nitrogen atmosphere (60 cm3/min). About 10mgof fine-
ly ground sample was heated in a corundum crucible. The differential
thermogravimetric (DTG) curve was derived from the TG curve.

3. Results and discussion

3.1. Interlayer structure of HEVrm

The amounts of the added surfactant in preparation solution and the
loaded surfactant in the resultant HEVrm are tabulated (Table 1). The
amounts of loaded surfactant are close to that of the added surfactant
in preparation solution below 1.0 CEC, while the loaded amounts are
less than that of the added above 1.0 CEC. The quantity of the loaded
surfactant reached a maximum when the added surfactant concentra-
tion is above 1.5 CEC, which is similar to OMt (He et al., 2005b; Zhu et
al., 2012a). Generally, when the added surfactant concentration is
lower than 1.0 CEC, the cationic surfactants enter the interlayer space
of clay minerals via cation exchange whereas both surfactant cations
and molecules can be intercalated into the interlayer spaces when the
added surfactant concentration is above 1.0 CEC (He et al., 2005a).

In the case of OMt, with the increase of the loaded surfactant quan-
tity, a gradual increase of the basal spacing of the resultant OMt could be
observed, and themaximum can be reachedwhen the clayminerals are
“saturated” with surfactants (He et al., 2010). Interestingly, a one-
stepped increase of the basal spacing in HEVrm was observed in this
study, instead of a gradual increase for OMt reported in literature (He
et al., 2005a, 2010). The XRD pattern of EVrm displays a characteristic
(002) reflection at 5.9° 2θ (d002 = 1.48 nm) (Fig. 1). After modifying
EVrmwithHDTMAB at 0.2 CEC, the obtained HEVrm0.2 exhibits a strong
reflection at 1.48 nm with a weak one at 2.71 nm (Fig. 1). With the in-
crease of the added surfactant concentrations, the intensity of the reflec-
tion at 2.7–2.9 nm, the maximum basal spacing, significantly increased.
Meanwhile, the intensity of the reflection at ~1.48 nm increased with
the increase of the added surfactant concentration at 0.2–0.8 CEC. Inter-
estingly, this reflection (2θ=5–7°) is obviously asymmetric for HEVrm
Fig. 2. XRD patterns of HEVrm and their deconvolutions in the 2θ ranges o
prepared at 0.2–0.8 CEC and two well resolved reflections at 1.48 and
1.41 nm, respectively, were recorded in XRD pattern of HEVrm0.6. The
deconvolutions of the reflections at the 2θ range of 5–7° for HEVrm0.2,
HEVrm0.4, HEVrm0.6, and HEVrm0.8 show two reflections at 1.36–1.42
and 1.48–1.49 nm (Fig. 2 and Table 2), respectively. With the increase
of surfactant concentration, the intensity of the reflection at 1.36–
1.42 nm increased whereas that at 1.48–1.49 nm decreased. The former
might be ascribed to the second-order reflection, corresponding to the
first-order reflection of HEVrm at ~2.80 nm, while the latter is due to
the basal reflection of Vrm. This suggests that the intercalation of surfac-
tant in Vrm interlayer space is not homogeneous, i.e., only part of the in-
terlayer spaces were intercalated by surfactants at low HDTMAB
concentration. With the increase of surfactant concentration, more
and more interlayer spaces were occupied by surfactant and reached a
“saturation” state at last. According to the basal spacing of HEVrm
(2.7–2.9 nm) and the layer thickness of Vrm (0.92 nm) (Walker,
1949), the interlayer height of the resultant HEVrm is about 1.8–
1.9 nm. This implies that a paraffin-monolayer arrangement was
adopted for the intercalated surfactant within the interlayer space of
Vrm (Zhu et al., 2003).

As reported in previous studies, a gradual increase of the basal spac-
ing in HDTMAB modified smectite group minerals was observed and a
series of arrangement models have been proposed with the increase
of surfactant loading, such as lateral-monolayer, lateral bi-layer, paraf-
fin-monolayer, and paraffin-bilayer (Zhu et al., 2008, He et al., 2014).
Different from smectite group minerals, however, only one kind of ar-
rangementmodel (i.e., paraffin-monolayer) exists in HDTMABmodified
Vrm, as was suggested by the abrupt increase of the basal spacing of
those expanded interlayers, i.e., from 1.48 nm for Vrm to 2.7–2.9 nm
for HEVrm. This may be due to the high layer charge density and the
charge distribution on Si-O tetrahedral sheet in Vrm, which is resulted
from the substitution of Al3+ for Si4+. During the exchange of interlayer
cations by cationic surfactants, the repulsive forces (between the two
neighboring Vrm layers with high negative charge density) may drive
the Vrm layers apart, resulting in a prominent increase of the interlayer
f 5–7°: (a) HEVrm0.2, (b) HEVrm0.4, (c) HEVrm0.6, and (d) HEVrm0.8.
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Fig. 3. Infrared spectra of EVrm, HDTMAB and HEVrm samples.

Table 2
The relative area of (002) reflection for vermiculite ((002)EVrm) and (004) reflection of
HEVrm ((004)HEVrm) deduced from the deconvolution of the reflection at 5–7° (2θ).

Samples Peak Area percentage (%) d(nm)

HEVrm0.2 (002)EVrm 97.07 1.49
(004)HEVrm 2.92 1.36

HEVrm0.4 (002)EVrm 77.89 1.49
(004)HEVrm 22.11 1.40

HEVrm0.6 (002)EVrm 56.10 1.48
(004)HEVrm 43.90 1.41

HEVrm0.8 (002)EVrm 68.07 1.48
(004)HEVrm 31.92 1.42
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height. Meanwhile, the positively charged amine group (i.e., the “head”
of surfactant) was fixed on the Vrm layer surface through the strong
electronic interaction between the positively charged “head” and nega-
tively charged layer, and the hydrophobic alkyl chain orientation radiat-
ed away (He et al., 2004a), resulting in the paraffin-monolayer
arrangement. On the other hand, the van der Waals forces among
alkyl chainsmaintain the ordered all-trans conformation for the interca-
lated surfactant (He et al., 2004b), which is well evidenced by the FTIR
spectra of HEVrm (Fig. 3).

The antisymmetric (νas) and symmetric stretching (νs) modes of
CH2 in alkyl chain of surfactant are sensitive to the conformation of
the intercalated surfactant in OC Vaia et al., 1994; He et al., 2004b). Pre-
vious FTIR studies of OMt demonstrated that the frequency of both an-
tisymmetric and symmetric CH2 stretching modes for the intercalated
surfactants strongly depended on its packing density in the interlayer
space (He et al., 2004b). In the case of high surfactant loading, the fre-
quencies of the CH2 stretching vibrations are close to those of the pure
surfactant, corresponding to an essentially all-trans conformation;
whereas the frequency significantly shifts to high wavenumber for the
samples with low surfactant loading, which could be attributed to
gauche conformers in the alkyl chain (Zhu et al., 2005). As shown by
the FTIR spectra of HDTMAB and the resultant HEVrm, the pure
HDTMAB displays two intense vibrations at about 2918 and
2850 cm−1 (Fig. 3), corresponding to antisymmetric and symmetric
stretchingmodes of CH2 in alkyl chain, respectively. All theHEVrm sam-
ples also display two similar prominent vibrations at approximately
2918 and 2850 cm−1, which is completely different from those of
HDTMABmodifiedMt, implying that the intercalation process of surfac-
tant for Vrm is different from that forMt. An integration of XRDand FTIR
results suggests that the intercalation of HDTMAB for Vrm is one-
stepped rather than stepwise. In other words, part of the interlayer
spaces were intercalated at low surfactant concentration, reaching a
maximum basal spacing with a paraffin-monolayer arrangement; and
with the increase of surfactant loading,more andmore interlayer spaces
were occupied by surfactant, reaching a “saturation” at above 1.5 CEC.

3.2. Thermal stability of HEVrm

The TG and DTG curves of EVrm, HDTMAB, and HEVrm are recorded
(Fig. 4), and the mass losses of these samples at different stages during
heating treatment are summarized (Table 3). The mass losses of EVrm
occurred at 30–210 °C are attributed to the removal of surface-adsorbed
water and interlayer water associated with interlayer cations, respec-
tively. The mass loss of dehydroxylation occurred at 600–810 °C, and
the mass losses at 810–920 °C correspond to phase transformation
(He et al., 2003; Perez-Maqueda et al., 2003; Huo et al., 2012). For
neat HDTMAB, themass loss at about 266 °C, corresponds to its decom-
position (Fig. 4b).

After modifying EVrm with surfactant, prominent changes can be
observed in the TG and DTG curves of HEVrm (Fig. 4). The mass loss at
30–150 °C, corresponding to the removal of surface adsorbed water,
dramatically decreases with the increase of surfactant loading, which
suggests an increase of hydrophobicity of EVrm surface after surfactant
modification (Holesova et al., 2014). Themass loss at 150–210 °C, corre-
sponding to the removal of the interlayer water associated with the in-
terlayer cations (e.g., Mg2+ and Ca2+), also decreases with increasing
surfactant loading, which was resulted from the replacement of inter-
layer cation by surfactant cation. This mass loss disappeared when the
surfactant concentration is above 1.0 CEC, implying an almost complete
replacement of interlayer cation by surfactant.

The mass losses of HEVrm corresponding to the decomposition of
the loaded surfactant occur at 210–500 °C (Xie et al., 2001, 2002). The
prominentmass loss at ca. 266 °C should be attributed to the decompo-
sition of intercalated surfactant cations, which is similar to the decom-
position temperature of neat surfactant. This is very different from the
case of surfactant modified Mt (Ma et al., 2014), where the
decomposition temperature of the intercalated surfactant cation is sig-
nificantly higher than that of neat surfactant (Zhu et al., 2011; Ma et
al., 2015). It is noteworthy that, for OMt prepared at low surfactant con-
centration (e.g., 0.2 CEC), the interlayer height of the resultant OMt (ap-
proximately 0.4 nm) (Zhu et al., 2003; He et al., 2010) is much smaller
than that of the corresponding HEVrm0.2 in the present study (approx-
imately 1.79 nm). In this case, the cationic surfactants in the interlayer
space of OMt are lying flat, makingmaximum contact with the siloxane
surface, and thus stabilize the intercalated surfactant. However, in the
case of HEVrm at low HDTMAB concentration, the intercalated surfac-
tant cations adopt a paraffin-monolayer arrangement within the inter-
layer space. The alkyl chain orientation radiating away from the Vrm
surface results in weak interaction between surfactant and Vrm surface,
and a relatively strong interaction among the alkyl chains of surfactant.
Accordingly, the thermal stability of the intercalated surfactant in
HEVrm is similar to that of the pure solid compound. This suggests
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Fig. 4. (a) TG and (b) DTG curves of EVrm, HDTMAB and HEVrm samples.
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that the protection of the intercalated surfactants by clay mineral layer
only happens in the OC with relatively small interlayer height, and
this phenomenon also can be found in literature, despite that it was
not pointed out (He et al., 2005a; Park et al., 2012). With the increase
of surfactant loading, the total mass loss corresponding to the loaded
surfactant increased from 6.1% for HEVrm0.2 to 26.2% for HEVrm3.0,
and finally reached a maximum in HEVrm2.0 and HEVrm3.0, consistent
with the results of XRD analysis. Note that the DTG peaks at ~260 °C
for HEVrm2.0 and HEVrm3.0 are obviously asymmetric, resulting from
the decomposition of the intercalated surfactant molecules (i.e., ionic
pairs) loaded via van der Waals force (Xi et al., 2007b). Meanwhile,
with the increase of surfactant loading, two mass losses occurred at
320–440 and440–540 °C, respectively. These twomass losses are attrib-
uted to the further decomposition of the residual organic carbonaceous
residue, whichwas formed in thefirst stage at ~266 °C (Vaia et al., 1994;
Xie et al., 2001).

4. Conclusions

In this study, HEVrm were synthesized using EVrm at different
HDTMAB concentrations. The intercalation of HDTMAB into EVrm inter-
layer space is very different from the case intoMt. That is, a one-stepped
increase of the basal spacing of HEVrm was observed in this study, in-
stead of a gradual stepwise increase of the basal spacing as reported
for OMt in literature. The present study demonstrates that the intercala-
tion of Vrm interlayers is not homogeneous, i.e., only part of the
Table 3
Mass losses of EVrm, HDTMAB, and HEVrm at different stages deduced from TG curves.

Samples

Mass loss (%)

Desorption (adsorbed
water)

Desorption (interlayer
water)

Decomposition
(surfactant)

30–150 °C 150–210 °C 210–500 °C

EVrm 6.9 – –
HDTMAB – – 99.9
HEVrm0.2 7.0 3.0 6.1
HEVrm0.4 8.1 3.0 10.4
HEVrm0.6 6.1 3.5 14.5
HEVrm0.8 6.5 3.8 18.1
HEVrm1.0 6.3 – 22.4
HEVrm1.5 5.8 – 24.6
HEVrm2.0 5.1 – 26.1
HEVrm3.0 5.4 – 26.2
interlayer spaces were intercalated by HDTMAB at low surfactant con-
centration.With the increase of surfactant concentration in the prepara-
tion solution, more and more interlayer spaces were occupied and
reached a complete modification state at last. The one-stepped increase
probably should be attributed to the heterogeneous charge density
layer by layer as well as the high layer charge density in Vrm. The inter-
layer height of the resulting HEVrm suggests that a paraffin-monolayer
arrangement model was adopted by the intercalated surfactant within
the Vrm interlayer space.

With an increase of surfactant loading, both the desorption temper-
ature of the surface adsorbed water and the mass loss of the interlayer
water associatedwith the interlayer cations dramatically decrease, indi-
cating the replacement of the original interlayer cations by cationic sur-
factant and an increase of surface hydrophobicity of HEVrm, in
comparison with the original EVrm. Different from the case of OMt,
the decomposition temperature of the intercalated surfactant in the ob-
tained HEVrm is very similar to that of neat surfactant. This suggests
that the protection of the clay mineral layers for the thermal stability
of the intercalated surfactant only occurs in OCwith relatively small in-
terlayer height. These findings are significantly important for the prep-
aration and application of HEVrm, which have larger basal spacing at
relatively low surfactant loading in comparison with OMt.
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