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Abstract For combining the properties of organoclays and
pillared clays, inorganic—organic clays have attracted much
attention in recent years. In this study, Al Keggin cation
pillared montmorillonites (Al-Mts) were first prepared
and parts of Al-Mts were calcined at different temperatures
(C-Al-Mts). The inorganic—organic montmorillonites were
synthesized by intercalating Al-Mts and C-Al-Mts with the
cationic surfactant, hexadecyltrimethyl ammonium bromide
(HDTMAB). The products were characterized by X-ray
diffraction, X-ray fluorescence, and simultaneous thermo-
gravimetric analysis. For HDTMAB-modified uncalcined
Al Keggin cation pillared montmorillonites (H-Al-Mts), the
basal spacing increased with the increment of surfactant
loading level, but the Al content of H-Al-Mts decreased
simultaneously, indicating that the intercalated surfactant
replaced some Al Keggin cations in the interlayer space.
However, in the case of C-Al-Mts, the interlayer spaces
could not be further expanded after surfactant modification,
implying that the neighboring montmorillonite layers were
“locked” by the aluminum pillars which were formed by
dehydroxylation of Al Keggin cation pillars during thermal
treatment. The thermal stability of HDTMAB-modified
C-Al-Mts (H-C-Al-Mts) was much better than that of H-Al-
Mts. The major mass loss of H-C-Al-Mts occurred at ca.
410 °C, corresponding to decomposition of intercalated
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surfactant cations. In contrast, H-Al-Mts displayed two mass
loss temperatures at ca. 270 and 410 °C, corresponding to
the evaporation of surfactant molecules and the decompo-
sition of surfactant cations in the interlayer space,
respectively.
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Introduction

Montmorillonite which consists of an aluminum octahedral
sheet sandwiched between two opposing siloxane tetrahe-
dral sheets is one of the most common swelling clay
minerals. The montmorillonite layers are usually nega-
tively charged due to the substitution of Mg®" or Fe** for
AP’" in octahedral sheets and substitution of AI*™ for Si*™
in tetrahedral sheets. This induces occupancy of the inter-
layer space by exchangeable cations. Thus, the physical
and chemical properties of natural montmorillonites can be
modified via cation exchange reaction, and products with
different interlayer structure and surface properties can be
obtained, e.g., pillared interlayered clays (PILCs) [1, 2] and
organo-montmorillonites (OMts) [3, 4].

PILCs can be prepared by replacing the original inor-
ganic cations in montmorillonite interlayer space with
metal complex cations and then calcining the products
under certain temperature and atmosphere. Because of their
large specific surface area, high pore volume, micro-/meso-
porosity, and strong surface acidity, PILCs have significant
applications in diverse areas [5-9]. For example, they can
be used as efficient adsorbents for oxyanionic contaminants
[10-12] and heavy metals [13, 14], and as attractive
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cracking catalysts for heavy petroleum [1, 15, 16]. How-
ever, PILCs do not efficiently remove the hydrophobic
organic compounds from water because of the hydrophilic
surface. In contrast, OMts show excellent hydrophobicity
and can be used as efficient adsorbents for organic pollu-
tants [17-20] and appropriate fillers in synthesis of clay-
based nanocomposites [21-23].

However, in the environment, wastewater may contain
both organic and inorganic contaminants. So to reduce
wastewater treatment cost, it is desirable to develop
adsorbents that can simultaneously remove both organic
and inorganic contaminants. Previous studies used both
metal complex cations and organic cations as intercalators
to modify the montmorillonites, and obtained inorganic—
organic montmorillonites (IOMts) [24, 25]. The IOMts are
of the adsorption sites/domains for both organic and inor-
ganic contaminants, and used as an effective adsorbent for
the both organic and inorganic pollutants from wastewater
[11, 25-27]. In addition, IOMts have also been used as
novel adsorbents for volatile organic compounds [28], and
can remove organic compounds through an adsorption
combined with catalytic degradation process [29].

Despite of the excellent properties and wide applications
of IOMts, very limited attentions have been paid on their
interlayer microstructure. Information of IOMt micro-
structure and thermal stability is of great importance not
only for well understanding the interaction mechanism
between the IOMts and pollutants but also for exploring
novel industrial applications. On the other hand, previous
studies have shown that the property of montmorillonite
(e.g., CEC), configuration and used dosage of the interca-
lators, and pretreatment conditions (e.g., heating tempera-
ture) had significant influences on the microstructure of the
resulting OMts and PILCs [4, 6, 30-32]. How these factors
affect the interlayer structure and properties of IOMts is
also very important for synthesis and application of this
family of materials. Hence, in this study, a series of [OMts
were prepared under different conditions using hydroxy-
aluminum  ([AI"YAI}JO4(OH)»4(H,0)1]"", Al Keggin
cation) and hexadecyltrimethyl ammonium bromide
(HDTMAB) as the inorganic and organic intercalator,
respectively. The basal spacings, chemical compositions,
and thermal stabilities of resulting products were investi-
gated by X-ray diffraction (XRD), X-ray fluorescence
(XRF), and thermogravimetric analysis (TG). The influ-
ences of thermal pretreatment of pillared clays and the used
dosage of surfactant on the interlayer structure and thermal
stability of the obtained IOMts were investigated. Mean-
while, the structure models of the IOMts in this study were
speculated. These new insights are very important for
synthesis and application of IOMts.
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Experimental
Materials

Montmorillonite (Ca-Mt) used in this study was taken from
Inner Mongolia China, with a purity >95 % and used without
further purification. The chemical compositions of the mont-
morillonite determined by X-ray fluorescence (XRF) are SiO,
58.16 %, Al,03 16.95 %, Fe,05 5.26 %, CaO 2.29 %, MgO
3.57 %, K,0 0.15 %, Na,O 0.19 %, MnO 0.027 %, TiO,
0.2 %, P,05 0.08 %, and the ignition loss is 13.23 %. The
cation exchange capacity (CEC), measured by adsorption of
[Co(NH3)]> ™ [33], is 110.5 meq/100 g. The surfactant,
HDTMAB, was purchased from Nanjing Robiot Co. Ltd.,
China, with a purity of 99 %.

Synthesis of Al-pillared montmorillonite

To synthesize hydroxyl-aluminum solution containing Al
Keggin cations, 0.5 M Na,COj; solution was slowly added
to 1.0 M AIClj; solution with vigorous stirring under water
bath at 60 °C, and kept the final ratio of OH /AP’ = 24.
After that, stirring was kept for 12 h, and then the solution
was aged for 24 h at 60 °C [24].

Montmorillonite was added into the hydroxyl-aluminum
solution, and the Al/clay ratio was set to 10 mmol g~'. The
mixture was stirred for 24 h and then aged for 24 h at
60 °C. The products were collected by centrifugation and
washed eight times with distilled water, then were freeze
dried for 48 h. The Al Keggin cation pillared montmoril-
lonite was denoted as AI-Mt. Its caclined derivatives
(C-Al-Mts) were prepared by heating Al-Mt samples in an
oven for 8 h at 300, 400, and 500 °C and the obtained
products were denoted as Cszgp-Al-Mt, Cypo-Al-Mt, and
Cs00-Al-Mt, respectively.

Preparation of inorganic—organic montmorillonites
(IOMts)

IOMts were obtained by the following method: a desired
amount of surfactant was dispersed in distilled water by
stirring at 60 °C for 0.5 h, and then 10 g Al-Mt or C-Al-
Mts were added to the surfactant solution. The added
amount of surfactants was equivalent to 1.0 or 2.0 times of
the montmorillonite’s CEC. The mass ratio of water/clay
was 20:1. The mixture was stirred for 12 h at 60 °C, and
then the products were washed eight times with distilled
water and freeze dried for 48 h. The product prepared using
Al-Mt and 1.0 CEC of surfactant was marked as H; o-Al-Mt
and the others were marked in the same way.
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Fig. 1 XRD patterns of the samples: a Al Keggin cation pillared montmorillonite and its calcined derivatives; b HDTMAB-modified samples
with the amount of added surfactant as 1.0 CEC; ¢ HDTMAB-modified samples with the amount of added surfactant as 2.0 CEC

Characterization methods

Powder XRD patterns were collected between 1° and 20°
(20) at a scanning speed of 1° (20) min~"' on a Bruker D8
Advance diffractometer with Ni-filtered Cu Ko radiation
(A = 0.154 nm, 40 kV, and 40 mA).

Elemental analysis was conducted on a Rigaku RIX
2000 X-ray fluorescence spectrometer (XRF). Calibration
lines used in quantification were produced by bivariate
regression of data from 36 reference materials encom-
passing a wide range of silicate compositions, and analyt-
ical uncertainties were mostly between 1 and 5 %.

TG was performed on a Netzsch STA 409PC instru-
ment. The samples were heated at a rate of 10 °C min~"
under a flow of high pure nitrogen (60 mL min~") from 30
to 1,000 °C. The differential thermogravimetric curve was
derived from the TG curve automatically. The amount of
loaded surfactant on the modified montmorillonites was
determined from TG curves.

Results and discussion
Microstructure of IOMts
The XRD patterns of the Al-pillared montmorillonites and
their surfactant-modified counterparts are shown in Fig. 1.

The basal spacing (dyg;) of Al-Mt is 1.88 nm (Fig. 1a) and
the gallery height of Al-Mt (1.88 — 0.96 = 0.92 nm)

consists with the size of Al Keggin cation (0.9 nm), indi-
cating a successful intercalation of Al Keggin cation [9].
After heating Al-Mt at 300, 400, and 500 °C, the values of
doo; decrease to 1.82, 1.80, and 1.77 nm, respectively. The
XRD patterns show that the C-Al-Mts retain ordered layered
structure. The slight decrease of basal spacing is attributed to
the dehydroxylation of intercalated Al Keggin cations, and
the difference of basal spacing values of the three C-Al-Mts
indicates different extent of dehydroxylation. [34].

The basal spacings of IOMts are different from those of
Al-Mt and C-Al-Mts (Fig. 1b, c). The basal spacing of
H, o-Al-Mt increases to 2.17 nm. The interlayer galleries
are further expanded when increasing the amount of added

Table 1 Al/Si ratio and HDTMAB content of the samples

Sample Al/Si* HDTMAB
content/mass%"

Ca-Mt 0.29 -

Al-Mt 0.49 -

H; o-Al-Mt 0.37 26.2

H, o-Al-Mt 0.32 40.5

H; 0-C300-Al-Mt 0.45 13.3

H; o-Cypo-Al-Mt 0.45 12.9

H; o-Csp-Al-Mt 0.46 8.9

* The values were calculated from the results of major elemental
analysis by the XRF

® The amount of loaded HDTMAB was calculated from the TG curve
of samples
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Fig. 2 TG and DTG curves of the samples before and after surfactant modification

surfactant, and the basal spacing reaches up to 3.78 nm
when the amount of added surfactant increases to 2.0 CEC
(Fig. 1c). The basal spacings of H; o-Al-Mt and H, o-Al-Mt
are similar to those of the corresponding OMts [4]. How-
ever, the basal spacing values of HDTMAB-modified
C-Al-Mts (H-C-Al-Mts) remain relatively constant
(ca. 1.71 nm) in the whole surfactant addition range. This
suggests that the Al pillars have “locked” the neighboring
layers of montmorillonites after calcination and the inter-
layer space is unable to be further expanded by HDTMAB.

Table 1 presents the chemical analysis results and the
surfactant content of Al-Mt and IOMts. The Al/Si ratio of
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Al-Mt is 0.49, larger than that of Ca-Mt (0.29), indicating
the successful intercalation of Al Keggin cations into the
interlayer space. This is in agreement with the XRD results.
For H-Al-Mts, after surfactant modification, HDTMAB
content increases from 26.2 % for H; o-Al-Mt to 40.5 %
for H, o-Al-Mt, but Al/Si ratio decreases from 0.49 for Al-
Mt to 0.32 for H, (-Al-Mt. This suggests that some pre-
intercalated Al Keggin cations have been replaced by the
intercalated HDTMAB since the Al atoms in montmoril-
lonite structure cannot be moved away. In the other words,
when Al Keggin cations are intercalated into interlayer
spaces of montmorillonites, they link with the adjacent
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Fig. 3 Schematic
representation of the structure of
HDTMAB-modified Al-pillared
montmorillonites

C-Al-Mt

montmorillonite layers via weak electrostatic force [24, 35].
But when HDTMAB are intercalated into interlamellar
spaces, some Al Keggin cations are driven away and replaced
by HDTMAB.

Al/Si ratios in H-C-Al-Mts are almost unchanged after
surfactant modification and slightly smaller than that of Al-
Mt. This indicates that the most intercalated Al Keggin
cations have transformed into Al pillars via dehydroxyla-
tion during thermal treatment [36]. Under calcination at
500 °C, the structure of the supporting pillars were
approximated by blocks of 13 Al atoms with a size of
0.98 nm x 1.09 nm x 0.84 nm [30]. In the C-Al-Mts, the
pillars are linked with the siloxane surface of montmorill-
onites by Si—-O—Alyj,r bonds [30, 37]. These observations
are in agreement with above-mentioned XRD results.

Thermal analysis

Figure 2 gives the TG-DTG curves of all samples. Two
major mass losses are clearly resolved in the TG curve of
Ca-Mt: (1) the removal of water molecules from the sur-
face and interlayer space in the temperature range of
30-200 °C, and (2) the dehydroxylation at 650-700 °C
[38]. Similar to Ca-Mt, both Al-Mt and C-Al-Mts are of
major mass losses at ca. 105 °C which are attributed to the
evaporation of adsorbed water, and the mass losses in the
temperature range of 300-700 °C are attributed to dehy-
droxylation of montmorillonite and intercalated Al Keggin

. Surfactants i Vi

intercalate

- iizﬂ ﬂzi
. Surfactants Vi

T Y
intercalate ‘

h A
H-C-Al-Mt

cations [9]. Mass losses of C-Al-Mts in this temperature
range decrease with the increase of thermal treatment
temperature. After calcination at 500 °C, mass loss of
Csoo-Al-Mt appearing at ca. 620 °C is close to the dehydroxy-
lation temperature of Ca-Mt, indicating that the dehydroxy-
lation of Al Keggin cations is almost completed.

Compared with Al-Mt and C-Al-Mts, the TG-DTG
curves of IOMts show a prominent decrease of the mass
loss corresponding to the absorbed water. This should be
attributed to the surface affinity change of the clay minerals
(from hydrophilicity to hydrophobicity) [38]. The mass
losses of H;-Al-Mt and H,(-Al-Mt in the range of
200-500 °C are 27.98 and 41.13 %, respectively, much
more than that of Al-Mt in this temperature range. Two
prominent mass losses for H-Al-Mts were recorded at ca.
270 and 412 °C. According to previous studies of OMts,
mass loss at relatively low temperature (ca. 270 °C) cor-
responds to evaporation of the surfactant molecules (ionic
pairs) located within the interlayer spaces and interparticle
pores, while that at high temperature (ca. 412 °C) corre-
sponds to decomposition of the intercalated surfactant
cations [38, 39]. Therefore, the mass loss of H-Al-Mts at
ca. 412 °C corresponds to decomposition of the interca-
lated surfactant cations and dehydroxylation of Al Keggin
cations, and the mass loss at ca. 270 °C mainly corresponds
to evaporation of surfactant molecules (ionic pairs) in the
interlayer spaces and increases with the increment of sur-
factant loading level.
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However, as shown in the TG-DTG curves of H-C-Al-
Mts (Fig. 2b, d), only one prominent mass loss occurred at
ca. 415 °C in the temperature range of 200-500 °C, cor-
responding to decomposition of surfactant cations and
dehydroxylation of Al pillars in the interlayer spaces. This
suggests that surfactants in the interlayer space mainly
exist as cations but not molecules. Meanwhile, mass losses
of H-C-Al-Mts decrease as the calcining temperatures
increase, and the amount of added surfactant only has little
influence on the mass loss. C-Al-Mts have a permanent
porosity in the interlayer space after heating [36], and
intercalated surfactants in H-C-Al-Mts occupy the inter-
layer pore. Hence, no more surfactant molecules will be
adsorbed because of the limited space. The thermal sta-
bility of H-C-Al-Mts is dramatically improved when
compared with H-Al-Mts.

The microstructure model

According to the results of XRD, XRF, and TG analysis, the
microstructure model of the IOMts is proposed and shown in
Fig. 3. After the intercalation of Al Keggin cations into the
montmorillonite galleries, the Al Keggin cations link with
the negatively charged layers through electrostatic attrac-
tion. In the surfactant modification process, surfactant cat-
ions replace some Al Keggin cations in the interlayer space.
Then, more and more surfactants are intercalated into the
galleries via Van der Waals force (physical adsorption)
between surfactant molecules, and the interlayer spaces are
gradually occupied by HDTMAB. However, the thermal
stability decreases due to the physically adsorbed surfactant
molecules (ion pairs) [39]. Hence, the microstructure of
H-Al-Mt may be similar to that of OMts, i.e., the interca-
lated surfactants adopt an arrangement model of paraffin-
type layer when the amount of added surfactant reaches 2.0
CEC [4]. However, since the intercalated Al Keggin cations
co-exist with surfactants in the interlayer space, the micro-
structure of H-Al-Mt is much more complicated than OMts.

On the other hand, chemical bonds between Al pillars
and montmorillonite platelet can be formed via thermal
treatment. Hence, the neighboring layers are “locked” by
Al pillars and permanent pores are formed in the interlayer
spaces after calcination. HDTMAB can still be intercalated
into the “locked” galleries and most of them exist as cat-
ions. As previous studies showed [38, 39], the intercalated
surfactant cations displayed better thermal stability than
surfactant molecules. This can help us to well understand
why H-C-Al-Mts show relatively high thermal stability.
These materials with higher thermal stability can be used in
a variety of fields, such as recyclable adsorbent of volatile
organic compounds which demands high thermal stability
for thermal desorption.
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Conclusions

In this study, series of IOMts were synthesized using Al
Keggin cations and surfactant (HDTMAB). In the case of
H-Al-Mts, surfactant loading causes a further expansion of
interlayer spaces and desorption of pre-intercalated Al
Keggin cations. The intercalated surfactants within the
interlayer space of H-Al-Mts exist as both cations and
molecules. However, for H-C-Al-Mts, the interlayer spaces
are “locked” by Al pillars formed during calcination. Thus
the galleries cannot be further expanded by surfactant
intercalation, and only surfactant cations are intercalated
into the interlayer pores. The amount of loaded surfactant
on H-C-Al-Mts is mainly affected by thermal treatment
temperature. The interlayer microstructure is the key factor
resulting in different thermal stability between H-Al-Mts
and H-C-Al-Mts. These new findings are of high impor-
tance for synthesis and application of IOMts.
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