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Abstract—Intercalation of montmorillonites with a mixture of intercalates has not been studied
extensively. The objective of the present investigation was to study the effects of phosphonium-based
intercalate mixtures on the properties (organic loading and basal spacing) of montmorillonite. These
phosphonium-intercalated montmorillonites are promising candidates as high-temperature stable
nanofillers for application in clay polymer nanocomposites.

Two salts with different cationic heads and chain lengths were mixed in varying molar ratios and the
mixtures were intercalated into the interlayer space of montmorillonite. Two sets were chosen based on the
chain length and the cationic head-group structure of the two intercalated salts (referred to hereafter as set 1
and set 2). The resultant intercalated montmorillonite was characterized by thermogravimetric analysis,
X-ray diffraction, and transmission electron microscopy. The organic loading of the intercalated
montmorillonite increased with the proportion of longer carbon-chain intercalate in the mixture. The
intensity of the characteristic XRD peak of each intercalate varied with the mole fraction percent of that
intercalate in the solution mixture. No marked synergistic effect of the intercalate mixture on the basal
spacing and organic loading properties of the intercalated montmorillonite was observed — the
proportional influence of individual components was found to be more prominent.

Key Words—Basal Spacing, Intercalation, Mixed Intercalates, Montmorillonite, Organic Loading,

Phosphonium Salts.

INTRODUCTION

Surface modifications of clay minerals are studied
because they allow the creation of novel materials and,
hence, materials with novel applications. During the past
decade, organically modified layer silicates have received
much attention from the scientific and technological
communities because of their use as fillers in clay-
polymer nanocomposites (CPN). The automotive, aero-
space, and packaging industries view CPNs as promising
materials for the 21 century due to their improved
mechanical- and thermal-barrier and flame-retardant
properties (Alexandre and Dubois, 2000; Zhu et al.,
2001; Sinha Ray and Okamoto, 2003; Ruiz-Hitzky et al.,
2004; Bergaya et al., 2006; Carrado and Bergaya, 2007,
Hrachova et al., 2009). The surface energy, structural
features, and chemical characteristics of the clay minerals
and the viscosity of the polymer matrix are key factors in
ensuring the desired properties of the nanocomposite.
Modification of clay minerals with organic materials is
necessary to establish compatibility between the clay
particles and the polymer matrix. Apart from the CPN
applications, these intercalated montmorillonites are also
used as rheological modifiers, as adsorbents of pollutants
in waste-water treatments, as thickening and gelling
agents in paints and lubricants (Patel et al., 2006), and
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as drug-delivery vehicles for pharmaceutical purposes,
etc. (Maguy and Lambert, 2010). Montmorillonite is the
best of the smectite group of clay minerals for intercala-
tion with organics because of its cation exchange capacity
(CEC), swelling behavior, adsorption ability, and large
surface area. The intercalation of organic cations into the
interlayer space of montmorillonite is of paramount
importance in the formation of a CPN because it changes
two particular characteristics of the montmorillonite
which help make it compatible with the hydrophobic
polymer. Firstly, the intercalation changes the hydrophilic
nature of the clay mineral to organophilic through ion
exchange with the organic cations and, secondly, it
increases the basal spacing which enhances the potential
for delamination of clay platelets within the polymer
matrix. The organic loading and basal spacing of the
intercalated montmorillonite are, therefore, important
properties because the degree of dispersion of the clay
mineral in the polymer matrix depends on them. The
dependence of the basal spacing and organic loading of
intercalated montmorillonite with different organic inter-
calates is, therefore, worth studying. A considerable
amount of work has been done using different intercalates
with varying chain lengths and varying relative propor-
tions (Xie et al., 2001, 2002; Fajnor and Hlavaty, 2002;
Liu et al., 2007; Xi et al., 2007; Onal and Sarikaya, 2008;
Avalos et al., 2009; Guegan et al., 2009; Li and Jhang,
2009). Novel oriented transparent films of layered silica-
surfactant nanocomposite were synthesized by Ogawa in
studies in which the chain length of the surfactants was
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varied (Ogawa, 1994). Espina et al. (1998) discussed the
effect of simultaneous intercalation in another layered
system — they reported simultaneous intercalation of two
n-alkyl amines into o-titanium phosphate systems and
obtained new individual intercalation phases. Earlier
studies which showed that basal spacing of intercalated
montmorillonite depends on the orientation, organization,
and population of the intercalate moieties dealt with a
single intercalate only. In a more recent study, using a
mixture of cationic and anionic intercalates, synergistic
changes in basal spacings, organic loadings, adsorption,
and adsorption capacity of the modified clay minerals
(Chen et al., 2008) were reported. The influence of the
structures of each intercalate within the mixture on the
properties of the montmorillonites have yet to be
explored. The limited thermal stability (<250°C) of
conventional organo-ammonium intercalated mont-
morillonite reduces the expected improvements in the
CPN properties. The current challenge is to prepare a
nanofiller that can withstand higher melt-processing
temperatures (>300°C), long residence times under high
shear, and is stable in thermoset resins with high curing
temperatures. Phosphonium-intercalated montmorillonites
are promising candidates as high-temperature stable
nanofillers for application in CPNs (Xie et al., 2002).
For the present study, a synergistic composition was
formulated by varying the cationic headgroup structure of
two phosphonium-based intercalate mixtures to increase
both the basal spacing and the organic loading of the
montmorillonite.To the best of the authors” knowledge, no
detailed study has been published on simultaneous
intercalation using mixed phosphonium intercalates with
varying cationic head groups and chain lengths. In the
present investigation, two alkyl phosphonium intercalates
with different chain lengths and cationic head-group
structures (groups attached to the phosphorous of the
phosphonium salt) were chosen. They were mixed with
each other in different molar ratios and the resulting
solution mixtures were intercalated simultaneously within
the interlayer space of montmorillonite to observe its
effect on basal spacing and organic loading.

EXPERIMENTAL

Materials

The <2 pum size fraction of (dso = 0.85 pm, Mastersizer
2000, Malvern Instruments) montmorillonite (Mt)
obtained from PGV (Nanocor, Arlington Heights,
Illinois, USA) was used because of its large CEC value
of 88 cmol kg ', which was primarily responsible for its
effective susceptibility to intercalation. The CEC was
measured using the EDTA-titrimetric method based on the
alkali or alkaline-earth cation-exchange principle
(Mehlich, 1948; Bache, 1976; Hillier and Clayton, 1992;
Bergaya et al., 2006). The intercalates (bromide salts of
hexadecyltributylphosphonium, Bu;C,4; dodecyltriphenyl-
phosphonium, Ph3C,,; and tetrabutylphosphonium, Buy)
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were obtained from Sigma-Aldrich, St. Louis, Missouri,
USA.

Method of simultaneous intercalation

In set 1, 0.01 M Buy and BusC,4 salts were mixed
with each other in different molar ratios for seven
compositions (Table 1). A similar preparation method
was followed for set 2 using Ph3;C;, and Buy salts
(Table 1). The intercalation procedure was as follows.
1 g of Na'-exchanged montmorillonite (Na-Mt) was
dispersed in 250 mL of deionized water by sonication
(0.5 W cm™?). 200 mL of mixed intercalate solution was
added dropwise to this suspension with constant stirring.
The entire intercalation was carried out at ~70—80°C.
The reaction mixture was allowed to settle overnight.
The supernatant water with excess surfactant was
decanted and the floc was redispersed. The process
was repeated three times and then the floc was filtered
under suction and washed with 2000 mL of hot double
distilled water. The product collected was dried at 70°C
in vacuum for ~24 h. The dried product was ground in an
agate mortar and kept in sealed glass bottles.

Characterization of intercalated montmorillonite

The thermal nature and organic loading were
calculated from thermogravimetric analysis (TGA).
The interlayer spacing was deduced from X-ray diffrac-
tion (XRD) analysis and verified by transmission
electron microscopy (TEM).

TG analysis. The TG analysis of the samples was carried
out using an OKAY instrument from Bysakh and Co.,
India. The system was operated at a heating rate of
10°C min~" from 30 to 800°C in ambient atmosphere
with ~50 mg of sample in an alumina crucible.

XRD analysis. The basal spacings of the montmorillonite
and the intercalated montmorillonite were measured
using an XPERT-PRO diffractometer (Panalytical). The
system was operated at 30 mA and 40 kV between 2.0
and 10.0°20 at a stepsize of 0.05°26.

TEM analysis. Transmission electron microscopy studies

of the raw and intercalated clay mineral were performed
using a Tecnai G? 30 S-T transmission electron

Table 1. Compositions (mole fraction %) of set 1 and set 2.

BU4 BU3C16 Set 1 Set 2 Bll4 Ph}C]z
0 100 MH100 MD100 0 100
20 80 MHZ80 MD&0 20 80
40 60 MH60 MD60 40 60
50 50 MHS50 MD50 50 50
60 40 MH40 MD40 60 40
80 20 MH20 MD20 80 20
100 0 MHO MHO 100 0
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microscope (FEI Company, Hillsboro, Oregon, USA).
The instrument filament was of LaBg, the line resolution
and point resolution were 1.4 Aand 2.0 A, respectively,
and the instrument was operated at 300 kV during the
investigation.

Calculation of organic loading

The organic decomposition of intercalated mont-
morillonite started at >300°C. The loss below that
temperature was due to interlayer water, i.e. incomplete
removal and/or moisture resorption after intercalation.
The organic-loading calculation must consist of the mass
loss corresponding to organics only; the loss of
interlayer water of intercalated montmorillonites and
the loss of structural water (dehydroxylation) of the raw
montmorillonite must be excluded from the total mass
loss of intercalated montmorillonite (mass loss corre-
sponding to the heating region from 35 to 800°C). The
calculation uses the expression

c—(atb) = organic loading (mass%)
where,

a = Mass loss (mass%) corresponding to interlayer water
up to 300°C

b = Mass loss (mass%) corresponding to structural
dehydroxylation from raw montmorillonite, i.e. mass loss
from 500°C to 800°C

¢ = Total mass loss (mass%) of each intercalated
montmorillonite

RESULTS AND DISCUSSION

Thermogravimetric analysis

The TG studies (in ambient atmosphere) of raw
montmorillonite revealed two major temperature regions
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of mass loss. In the first step, adsorbed water was lost at
temperatures up to 250—300°C. The second step was
dehydroxylation of montmorillonite which occurred
between 500 and 800°C. After intercalation, further
mass loss occurred within the temperature region
300—500°C due to the decomposition of incorporated
organic molecules. Similar observations have been made
by Xie et al. (2001, 2002). Different solution mixtures
were made by varying the mole fraction percentages of
component intercalates for intercalation in montmorillon-
ite (Table 1). Each resultant intercalated montmorillonite,
with different compositions of mixtures of set 1, was
subjected to TG analysis in order to calculate the organic
loading. The TG curves, one corresponding to each
composition, showed the trend of mass loss with
temperature (Figure 1). The organic loadings were
calculated from mass-loss data available from TGA
(Table 2); the values were related to the total amount
of organics which were included within the mont-
morillonite, including any excess adsorbed as well as
intercalated phosphonium salts. In intercalated mont-
morillonite, most of the intercalates were strongly
anchored at the interlayer cation-exchange sites by
electrostatic interaction. The remaining intercalates
were anchored at the edges and faces of the clay
particles, or by van der Waals’ attraction with inter-
calated alkyl chains; these weakly linked intercalates
were decomposed at much lower temperatures during
heating than the more strongly attached intercalated
molecules. The excess adsorption depends on the chain
lengths of intercalates and the CEC of the montmorillon-
ite (Ganguly et al., 2010). The organic-loading data
reported here include both intercalated and excess
adsorbed molecules. However, organic loading increased
steadily with increase in mole fraction percent of Bu;Cyg,
i.e. a longer chain (C16) component in the solution

60 L—p
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T
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T T T
400 500 700 800

Temperature (°C)

Figure 1. TG plots of intercalated montmorillonite set 1.
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Table 2. Calculation of organic loading of set 1-intercalated
montmorillonite (Mt).

Set 1 Structural Loss up Total loss Organic
loss to 300°C (mass%) loading
of raw Mt (mass%) (mass%)
(mass%)
(0) (a) (0) {c—(ath)}
MH100 4 4 34 26
MHS80 4 3 29 22
MH60 4 9 35 22
MH50 4 3 24 17
MH40 4 2 20 14
MH20 4 10 26 12
MHO 4 9 24 11

mixture. The TG plots (Figure 2) showed that the positive
slope of the linear increment was 0.16. When 100% Buy
(denoted MHO composition) had been intercalated, the
organic loading was much less (~11 mass%) compared
with that of 100% BusC;4 (denoted MH100 composition),
where organic loading was 26 mass%. For all other
compositions, the organic loading increased with the
mole fraction percent of the longer-chain component
(Bu3Ci) of the mixture. The increase in organic loading
with the longer-chain component can be explained by the
increased van der Waals’ attraction which led to the
organic inclusion. A similar trend was observed in the
TGA study of the set 2 compositions (Figure 3) in which
Buy (C4 with a tributyl head group) was common but
Ph3C;, (C12 with a triphenyl head group) was used as a
second component to examine the effect of the cationic
head group. The organic loading values for mont-
morillonite intercalated with set 2 intercalates were

Mass%
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Organic loading (mass%)

T v T v T v T v T v T
0 20 40 &0 80 100

Bu, Mol.% BusCqg BuC,,

Figure 2. Plot of organic loading vs. mol.% of Bu;Cjs.

similarly related to the total organic content (as
mentioned for set 1 [Table 3]). All of the organic loading
values were between 30 and 11 mass%, i.e. the largest
and smallest values of organic loading when 100%
Ph;C;, (MD100) and 100% Bu, (MHO) were intercalated,
respectively. The linear increment of organic loading
with increase in the longer-chain component was also
observed here (Figure 4). The plot demonstrated that the
slope of the linear increment was 0.21 compared to 0.16
for set 1. The difference in slope may be due to changes
in the cationic head group and chain lengths in the set 2
intercalate compositions. These observations suggest that
the organic loading during intercalation with mixed
intercalates depended primarily on the contribution of
the component with greater chain length.

H I
100 200 300

T T T T J T
400 500 600 700 800

Temperature (°C)

Figure 3. TG plots of intercalated montmorillonite set 2.
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Table 3. Calculation of organic loading of set 2-intercalated
montmorillonite (Mt).

Set 2 Structural Loss up Total Organic
loss of to 300°C loss loading
raw Mt (mass%) (mass%) (mass%)
(mass%)

(®) (a) () {e—(ath)}

MD100 4 7 41 30

MD80 4 4 32 24

MD60 4 23 18

MD50 4 11 37 22

MD40 4 1 38 22

MD20 4 23 12

MDO 4 9 24 11

X-ray diffraction analysis

The arrangement of the interlayer of intercalated
montmorillonite was elucidated by XRD analysis.
Na-montmorillonite has a basal spacing (dgo;) of
~1.25 nm (Theng, 1974; Bergaya et al., 2006). The
smectite group of minerals shows variable integral series
of basal spacings (dyo;), which depends on the size of the
exchangeable cation and on the degree of hydration of the
cation (Grim, 1968). The XRD traces of intercalated
montmorillonite (Figure 5) revealed that intercalation by
ion exchange with the phosphonium intercalates mixture
increased the basal spacing of raw montmorillonite due to
replacement of smaller interlayer Na' by the larger
phosphonium ions. When montmorillonite was interca-
lated with 100% Buy (MHO), two peaks appeared, one at
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Figure 4. Plot of organic loading vs. mol.% of Ph;C,.

2.10 nm and one at 1.66 nm (Figure 5). The peaks were
moderately sharp and well defined. A similar, single
sharp peak, corresponding to a basal spacing of 2.71 nm
with a small hump, appeared for 100% Bu;C,s (MH100)
intercalated montmorillonite. When montmorillonite was
intercalated with mixtures of different compositions, the
XRD peaks broadened, diffused, and were rather difficult
to identify. Most of the peaks were shifted from the
characteristic one obtained from the MH100 and MHO
compositions. To deal with the problem, the XRD plots
were broadly divided into two regions based on the
characteristic XRD peak patterns. One was the BuzCi¢

XRD peak region
of Bu,
l 1.66 nm
T 2.10 nm
1.80 nm
% = 2.05nm MHO
8 '.'. ==t ‘._'\___ s
[ LA A
= ~ s _," e e -
c\?' N .‘Jf \\ ue ||| LaliSe 7
2 iilliice MH50
..... MH60
XRD peak region it e Lt T
of Bu,C,, (LN il L..rzz:MH80
[l pzzmss====C MRS A M, SO T e . 1
0 i 6 8 10

°20

Figure 5. XRD plots of hybrid set 1.
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Figure 6. XRD plots of hybrid set 2.

peak region and the other was the Buy peak region. The
division is marked clearly in Figure 5. The XRD patterns
for intercalated montmorillonites with different composi-
tions in sets 1 and 2 (Figures 5 and 6 and summarized in
Tables 4 and 5, respectively) clearly demonstrated that
the multiple XRD peaks were due to heterogenecous
mixed-layer arrangements of intercalated organics within
the interlayer space of montmorillonite. In the set 1
composition (Table 4), the dyo; values in the Bu;C,4 peak
region closely matched paraffinic layer orientation of the
intercalated organics whereas the dyo; values of the Buy
region showed a mixed paraffinic and bilayer arrange-
ment of intercalates (Theng, 1974; Li and Ishida, 2002;
Ganguly et al., 2010). The coexistence of different
interlayer arrangements of intercalates in montmorillon-
ite was the source of the interlayer heterogeneity.
Superimposition of reflections corresponding to these
different interlayer distances created the multiple, wide,

and diffuse peaks (Zidelkheir and Abdelgoad, 2008). In
set 2 compositions (Table 5), the dyy; values of the
Ph;Cy, and Buy peak regions resembled paraffinic and
bilayer arrangements, respectively. Multiple peaks in
MD40 and MD20 demonstrated that layer heterogeneity
was also present, but to a lesser extent than for set 1
compositions. Closer inspection of resultant XRD pat-
terns of intercalated montmorillonite with set 1 composi-
tions (Figure 5) revealed that, with variation in the mole
fraction percent of each component, the intensity of the
characteristic XRD peak of that component varied. The
patterns also revealed that, as the mole fraction percent of
Buy increased in the solution mixture, the intensity of the
characteristic peaks of Buy (2.10 nm and 1.66 nm)
increased with the gradual disappearance of the 2.71 nm
peak for Bu3C;¢. Peaks were shifted and overlapped
because of mixing of intercalates; however, the char-
acteristic peak pattern of each component within its peak

Table 4. dyy, values and interlayer arrangements of organo-montmorillonite intercalated with set 1 compositions.

Set 1 —— Bu;Cy peak region —— —— Buy peak region
dooy (nm) Interlayer arrangement doo1 (nm) Interlayer arrangement

MH100 2.71 Paraffinic - -

MHS80 2.72 Paraffinic - -

MH60 2.69 Paraffinic 1.75,1.55 Bilayer

MHS50 3.05 Paraffinic 2.05,1.67 Paraffinic, Bilayer
MH40 2.79 Paraffinic 2.05,1.80 Paraffinic, Bilayer
MH20 - - 2.20,1.68 Paraffinic, Bilayer
MHO - - 2.10,1.66 Paraffinic, Bilayer
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Table 5. dyy; values and interlayer arrangements of organo-montmorillonite intercalated with set 2 compositions.

Set 2 Ph;C,; peak region —— —— Buy peak region
Dy (nm) Interlayer arrangement door (nm) Interlayer arrangement

MD100 3.39, 2.67 Paraffinic — —

MD80 3.04 Paraffinic - -

MD60 3.04 Paraffinic 1.84 Bilayer

MD50 - - 1.80 Bilayer

MD40 2.85,2.52 Paraffinic 1.76 Bilayer

MD20 2.76,2.52 Paraffinic 1.84 Bilayer

MHO0 - - 2.10,1.66 Paraffinic, Bilayer

region could be identified from the XRD plots. At 80%
mole fraction of Buy in the mixture (MH20), a prominent
peak at 1.68 nm with a small hump at 2.20 nm appeared
and the characteristic peak for Bu;C;s was absent.
Though the most widely used technique to determine
the structure and arrangement of the organic cations in
the interlayer space of montmorillonite is XRD, it gives
only average structural information. The local micro-
structures and morphology of intercalated montmorillon-
ite can be best viewed by means of TEM. A
representative TEM image of composition MH20
(Figure 7) shows a well defined layer stacking separated
by regular van der Waals’ gaps or interlayer spaces.
Variation of arrangements can be observed by both fringe
contrast and fringe spacing. Equal contrasts suggest
arrangement of the same orientation along the ¢ axis
(Marcovich et al., 2005). The d spacing of MH20
(20 mol.% of BusCj¢), obtained from the TEM image,
was 1.7 nm. A closer inspection of the XRD plot of
MH20 (Figure 5) revealed a prominent XRD peak at
1.68 nm, one of the characteristic peaks of Buy. The

Figure 7. TEM image of sample MH20.

characteristic peak of Bu3C;s had almost disappeared.
The 1.7 nm basal spacing obtained from the TEM study
was reasonable and supported the XRD results. The XRD
analysis of the intercalated montmorillonite of set 2
followed a similar trend as in set 1. The plots (Figure 6)
showed that 100% Ph3;C;, (MD100) intercalated mont-
morillonite yielded an XRD peak at 2.67 nm with a small
hump at 3.39 nm, and 100% Bu, (MHO) gave peaks at
2.10 nm and 1.66 nm as mentioned previously. A similar
variation in the intensity of the characteristic peaks of
each component with their mole fraction percent was also
observed. Another important feature from the XRD plot
(Figure 6) was that, for 80% Buy (MD20) intercalated
montmorillonite, a relatively sharp peak appeared at
1.84 nm in the Buy peak region. This characteristic peak
of Buy (MHO) shifted marginally from 1.66 nm. The
nature of the XRD patterns also indicated that the
components were not combining to give a single basal
spacing. The appearance and disappearance of individual
characteristic peaks corresponding to each component
and its mole fraction percent in the mixture again
confirmed the absence of any synergistic effect. The
intensity of the XRD peaks of a component depended on
the proportion of that component in the solution mixture
only. As shown by TGA and subsequently confirmed by
XRD analysis, the mixing of two cationic intercalates
during simultaneous intercalation in montmorillonite
manifested a proportionate contribution of the individual
intercalates.

CONCLUSIONS

(1) During simultaneous intercalation of mont-
morillonite layers with mixtures of two intercalates,
organic loading of the montmorillonite increased line-
arly with increase in the mole fraction percent of the
longer-chain component of the intercalate mixture.

(2) The characteristic XRD peak intensity and
interlayer spacing for each individual intercalate varied
with its mole fraction percent in the mixture. As the
mole fraction percent of a particular component of the
mixture increased, the intensity of the characteristic
XRD peak of that component increased with the gradual
disappearance of the XRD peak of the other component.
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(3) Simultaneous intercalation with mixtures of two
intercalates in montmorillonite manifested the effect of
each individual component in the mixture.
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