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a b s t r a c t

Pillared interlayered clays (PILCs) draw intensive attention in the fields of chemistry and material sci-
ences, owing to their strong surface acidity and large microporosity. These materials are superior se-
lective heterogeneous catalysts and adsorbents. However, conventional hydroxy-aluminum pillared clays
are based on Al13, which cannot provide desirable properties due to its inherent limitation of size. Herein,
a convenient method has been developed to prepare Al30 PILCs from montmorillonite (Mt) and a base-
hydrolyzed solution of Al (III) chloride. To the best of our knowledge, this is the first time that porous
pillared interlayered Mt with large Al30 pillars (2�1�1 nm) has been successfully prepared. This
fundamental work may open up entirely new avenues for developing novel PILCs as heterogeneous
catalysts and porous adsorbents.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

As a two-dimensional layered nanomaterial, pillared interlay-
ered clays (PILCs) have attracted intensive scientific and industrial
attentions in recent 40 years [1,2], since their first announcement
(with polycations of Al13) in 1979 [3,4]. Strong surface acidity and a
large number of micropores extend the applicabilities of PILCs as
catalyst supports and shape-selective adsorbents [5,6]. They have
also found applications as molecular sieves, selective adsorbents,
thermal insulators, and electrochemical and optical devices [7].
Generally, they are prepared by exchanging charge-compensating
cations between the swellable clay minerals with larger poly-
meric hydroxyl metal cations [8,9]. By this process, the layered clay
is transformed into a thermally stable micro- and/or mesoporous
material that retains its layer structure [10,11].
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Microporosity is one of the most significant characteristics of
PILCs. Three factors affect the size and shape of PILCs pores: (i) the
size and shape of intercalated pillars; (ii) the valence/charge of
pillars; (iii) the layer charge of layered silicate hosts [12]. Due to the
importance of particle sizes of pillars in PILCs [7], numerous re-
searchers have been looking for ideal pillars for nearly four decades.
Inorganic cations with large particle sizes as pillars were reported,
including polycations of Al [13e19], Ti [20,21], Fe [22,23], or their a
composites such as Al/Ce [24], Al/Fe [25], Al/Co [26], etc.. However,
to our knowledge, few of these cations are big enough to bring
attractive porosity. Though, aluminum pillaring agents are well
understood, structures of many other metal polycations need
identification and their hydrolysis behaviors require a compre-
hensive investigation [27,28].

Hydrolysis chemistry of aluminum and analytical techniques of
characterization have been greatly developed in recent years [29].
Researchers found that larger polycation species can be formed
upon additional titration with a hard base, with the Keggin-type
structure [30]. A new polycation of aluminum Keggin-Al30
([Al30O8(OH)56(H2O)24]18þ, Fig. 1B) was detected in the hydrolysis
solutions of aluminum. With a ‘Gemini-Keggin’ structure, Al30 is
composed of two units of Al13 ([Al13O4 (OH)24(H2O)12]7þ, Fig. 1A),

mailto:zhujx@gig.ac.cn
mailto:wenke@gig.ac.cn
mailto:zhangp@gig.ac.cn
mailto:zhangp@gig.ac.cn
mailto:wangyuebo@tju.edu.cn
mailto:malingya@gig.ac.cn
mailto:y.xi@qut.edu.au
mailto:zhurl@gig.ac.cn
mailto:hmliu@gig.ac.cn
mailto:hehp@gig.ac.cn
mailto:hehp@gig.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2017.01.039&domain=pdf
www.sciencedirect.com/science/journal/13871811
www.elsevier.com/locate/micromeso
http://dx.doi.org/10.1016/j.micromeso.2017.01.039
http://dx.doi.org/10.1016/j.micromeso.2017.01.039
http://dx.doi.org/10.1016/j.micromeso.2017.01.039


Fig. 1. Structural representation of (A) Al13 and (B) Al30 species.
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linked by four octahedral aluminum monomers [31]. Compared
with Al13, Al30 has bigger particle size, higher ion charge density
and more OH groups. Characterization of aluminum polycations
containing Al13 and Al30 opens new avenue in the aqueous chem-
istry of aluminum [32]. Al30 cation has attracted a lot of attention
[33e35], since its structure was revealed in 2000 [36].

Butman et al. made a good attempt to synthesize a “giant” pil-
lared clay via a complicated hydrothermal process, however, no
obvious enhancement in property was observed and key evidences
were ambiguous [37]. The present work reports an effective
method to prepare Al30 pillared interlayered montmorillonite
(Al30-PILM) and provides a theoretical guide for the development of
novel porous adsorbents and catalytic materials.
2. Experimental

2.1. Materials

Calcium-montmorillonite (Mt) was obtained from Inner
Mongolia, China. This sample has a very high purity above 95%, only
a small amount of quartz was identified as the impurity by the
powder X-ray diffraction (XRD) measurement. The main chemical
composition (wt%) of Mt was investigated by X-ray fluorescence
(XRF), and the results were reported in Table 1. Cation exchange
capacity (CEC) of this Mt was determined by the adsorption
quantity of [Co(NH3)6]3þ [38,39], with a value at 110.5 mmol/100 g
[11,14,40].

Aluminum chloride (AlCl3$6H2O), sodium hydroxide (caustic
soda, NaOH) and silver nitrate (AgNO3) were purchased from
Tianjin Fuchen chemical reagent factory. All chemicals are of
analytical grade and used without further purification. Distilled
water from an Ultra-pure Water Purifier was used.
Table 1
The main chemical composition of samples (wt%).

Samples Al2O3 CaO TFe2O3 K2O M

Mt 15.93 2.42 5.25 0.09 4.
Al13-PILM 24.13 0.03 4.37 0.08 3.
Al30-PILM 28.35 0.02 4.06 0.04 3.
2.2. Preparation of intercalating solutions

Al13 intercalating solution (Al13-INTS): Similar to a procedure
reported in literature [41], an Al13 intercalating solution was pre-
pared by dropwise addition of a 0.6 M NaOH solution into a 1.0 M
AlCl3 solution at a rate of 1 mL/min, under vigorous stirring using a
water bath at 60 �C to get a final [OH�]/[Al3þ] molar ratio of 2.4. The
concentration of Al in the obtained solution is 0.2 M. Subsequently,
the mixture was continuously stirred for another 12 h, and “aged”
for 24 h at 60 �C.

Al30 intercalating solution (Al30-INTS): Under constant stirring, a
0.6M of NaOH solutionwas slowly added into a 1.0 M AlCl3 solution
at a rate of 1 mL/min using an oil bath at 95 �C to obtain a final
molar ratio [OH�]/[Al3þ]¼ 2.4. The resulting solutionwas stirred at
95 �C for another 12 h, and then a further “aging” at 95 �C was
applied for a day.

Both Al13 and Al30 solutions are colorless transparent liquids
without any deposit, even after stored at room temperature for one
month. The pH values of both solutions are at 3.0e4.0. Total
aluminum concentration (AlT) is 0.2 mol/L for two solutions.

2.3. Synthesis of intercalated and pillared samples

The intercalation of Mt by Al13 and Al30 polycations was carried
out through ion exchange reaction with an Al/clay mole ratio of
4.0 mmol/g. Under various stirring, Mt powder was dispersed into
the intercalating solutions of Al13 at 60 �C and Al30 at 95 �C,
respectively. Two suspensions were stirred continuously for 24 h
and then aged for 24 h at 60 �C and 95 �C, respectively. After being
cooled down to the room temperature, the products were sepa-
rated by filtration and washed with distilled water until the su-
pernatant solution was free of chloride as indicated by AgNO3
solution. The solid products were freeze-dried for 48 h, and
denoted as Al13-INTM and Al30-INTM, respectively.

Al13 pillared interlayered Mt (Al13-PILM) and Al30 pillared
interlayered Mt (Al30-PILM) samples were obtained after calcina-
tion of the intercalated products at 300 �C for 2 h.

2.4. Characterization methods

2.4.1. Liquid 27Al NMR spectroscopy
27Al NMR spectra were generated at 70 �C on a Fast Fourier

Transformation spectrometer (JNM-ECA600, JOEL) in Tsinghua
University, China. Samples were placed in a 5 mm NMR tube, and
D2O was injected into the center. The measurement was operated
under the following condition: field strength of 14.09 T, single pulse
method, resonating frequency at 156.39 MHz, X-acq-duration of
0.21 s, repetition time of 0.51 s, relaxation delay of 0.3 s and 2048
scans.

2.4.2. Solid-state 27Al MAS NMR spectroscopy
Solid-state 27Al MAS NMR experiments were carried out on a

Bruker AVANCE III 600 spectrometer at a resonance frequency of
156.4 MHZ. 27Al MAS spectra were recorded by the small-flip angle
technique with a pulse length of 0.68 ms(<p/12) and a 1s recycle
delay. A 3.2 mm HX double-resonance MAS probe was used at a
gO Na2O P2O5 SiO2 TiO2 LOI

72 0.65 0.31 59.28 0.27 9.63
80 0.01 0.01 52.37 0.23 13.71
31 0.06 0.20 47.54 0.21 15.11



Fig. 2. Liquid 27Al NMR spectra of (A) Al13 and (B) Al30 solutions which were syn-
thesized at 60 �C and 95 �C, respectively. AlT ¼ 0.2 mol L�1, molar ratio [OH�]/
[Al3þ] ¼ 2.4.

Fig. 3. Powder X-ray diffraction patterns of (A) Mt and (B) intercalated and pillared Mt
samples; Q, quartz.

J. Zhu et al. / Microporous and Mesoporous Materials 242 (2017) 256e263258
sample spinning rate of 15 kHz. The chemical shifts of 27Al was
referenced using a 1 mol L�1 aqueous Al(NO3)3 solution.

2.4.3. X-ray diffraction patterns
Powder X-ray diffraction (XRD) patterns were collected using

Ni-filtered Cu Ka radiation (l ¼ 0.154 nm) on a Bruker D8 Advance
diffractometer, which was operated at 40 kv and 40 mAwith a scan
rate of 1�(2q)/min between 3� and 60�. Basal spacing were deter-
mined from the 2q values of the corresponding basal reflections.

2.4.4. Transmission electron micrographs
Transmission electron microscopy (TEM) images were collected

on a FEI Talos F200s transmission electron microscope operating at
an accelerating voltage of 200 kV. For TEM observation, samples
were ultrasonically dispersed in ethanol (100 mg/L) for 5 min.
Sample suspensions were dropped onto carbon-coated copper
grids and left to dry for 10 min.

2.4.5. N2 adsorption-desorption isotherms
Nitrogen adsorption-desorption isotherms were determined at

liquid nitrogen temperature (�196 �C) with a gas sorption analyzer
(Micromeritics ASAP 2020 instrument). Samples were degased at
120 �C for 12 h before tests. The specific surface area (SSA) was
calculated by the Brunauer-Emmett-Teller (BET) method [42]. Total
pore volume was evaluated from nitrogen uptake at a relative pres-
sure of 0.99 [43]. Microporous specific surface area and micropore
volume were calculated using the t-method [44]. The pore size dis-
tribution (PSD) analysis were carried out by the nonlocal density
functional theory (NLDFT) for pillared clay [45], which is more
appropriate for evaluating a bi-dimension porous structure [46].

3. Results and discussion

3.1. Liquid 27Al NMR analysis

In Fig. 2A, the resonance peak at d¼ 3.0 ppm is assigned to the Al
monomer (Alm), namely the symmetric hexa-aquoaluminium
[Al(H2O)6]3þ [47]. The sharp resonance peak at d ¼ 65.7 ppm cor-
responds to the central tetrahedral aluminum (AlO4) in Al13 [48].
The broad peak at d ¼ 12.8 ppm is attributed to the octahedral
aluminum of external Keggin shells in Al13. Located in an asym-
metric coordination environment, the extremely fast spin relaxa-
tion of octahedral aluminum shortens the relaxation time and
broadens the line width [49,50]. In Fig. 2B, similar to the spectrum
of Al13 solution, three resonance peaks at d ¼ 2.6 ppm, 65.3 ppm
and 12.1 ppm were detected, respectively. Sharp peaks at
d ¼ 2.6 ppm and d ¼ 65.3 ppm are assigned to the Al monomer and
the central tetrahedral aluminum in Al13, respectively. The broad
peak at d ¼ 12.1 ppm is attributed to the external octahedral
aluminum [48]. A new resonance peak at d¼ 72.5 ppm (Fig. 2B) was
detected. This peak corresponds to the central tetrahedral
aluminum in Al30 [48], indicating the successful synthesis of Al30.

Although both Al13 and Al30 species are kinetic intermediate
products in the process of aluminum hydrolysis and polymeriza-
tion, Al30 is more stable than Al13 [32]. It is because two Al13 Keggin
units are connected by a crown made of four hexa-coordinated
aluminum (AlO6) (“1” to “4” in Fig. 1B) in Al30. The dislocation of
two Keggin units on the crystal structure of Al30 (the schematic on
the right in Fig. 1B) causes an overall reduction of the structure
symmetry. Therefore, the typical resonance peak has shifted from



Fig. 4. TEM images of (A) Mt, (B) Al30-INTM, (C) Al13-INTM.
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65.7 ppm to 72.5 ppm, which indicates that the Al30 intercalating
agent has been successfully prepared.
3.2. X-ray diffraction (XRD)

In Fig. 3, an intense reflection at 2q ¼ 5.7� (d ¼ 1.54 nm) cor-
responds to the (001) basal reflection of Mt. Since the thickness of
an individual layer of Mt is 0.96 nm, the interlayer space is about
0.58 nm. After intercalation with Al13 cations, the d001 value of Al13
interlayered Mt (Al13-INTM) increases to 1.86 nm (Fig. 3Ba), which
corresponds to an interlayer separation of 0.9 nm. This value is in
accordance with the average diameter of Keggin-like Al13 cation
particle (0.9 nm), indicating a successful intercalation of Al13 into
Mt [51]. After calcination at 300 �C, the d001 value of Al13-PILM
(Fig. 3Bb) decreases to 1.65 nm. The interlayer separation of Al30
interlayered Mt (Al30-INTM, 1.0 nm) is 0.1 nm larger than that of
Al13-INTM (0.9 nm), with a d001 value at 1.95 nm (Fig. 3Bc). After
calcination, the d001 value of obtained Al30-PILM decreases to
1.86 nm, which is 0.2 nm larger than that of Al13-PILM. It was
caused by the removal of water molecules associated with
Fig. 5. Solid-state 27Al MAS NMR spec
interparticles and interlayer surfaces, and the dehydroxylation of
interlayer Al30 cations andMt layers [52]. Broad reflections at about
9� 2q (d ¼ 0.96 nm) were detected in XRD patterns of both Al30-
INTM and Al30-PILM, corresponding to the thickness of an indi-
vidual Mt layer (Fig. 8B). The reflection at 0.96 nm in both Al30-
INTM and Al30-PILM may be attributed to a highly interstratified
structure created by large number of Al30 particles (Fig. 8B).

As mentioned above, an Al30 cation consists of two units of
Keggin-Al13, with a linkage of four octahedral aluminummonomers
(AlO6, denoted as “1”, “2”, “3”, “4” in Fig. 1B, respectively). However,
different orientations of these Al13 units give rise to a slight incre-
ment in diameter for the Al30 cation than the Al13 cation, which
leads to a 0.1 nm larger expansion for the Mt layers and is likely to
bring enhanced microporosity on the resultant material.
3.3. Morphological properties

In Fig. 4, different samples show a similar morphology, with the
clay platelets stacked in an orderly manner. Mt has a d001 value of
approximately 1.52 nm (Fig. 4A). With the intercalation of Keggin-
trum of (a) Mt and (b) Al30-INTM.



Fig. 6. Nitrogen adsorption-desorption isotherms of Mt and pillared samples.

Fig. 7. Pore size distributioin patterns of (A) Mt, (B) Al13-PILM and (C) Al30-PILM.
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Al13 cations, the basal spacing of Al13 intercalated Mt (Al13-INTM)
increases to 1.82 nm (Fig. 4C). Compared to Al13-INTM, Al30 inter-
calated Mt (Al30-INTM) shows an expanded interlayer space at
1.95 nm (Fig. 4B). These results are well consistent with the XRD
analyses. Results from XRD and TEM strongly support that the large
d001 values are resulted from the intercalation of polyaluminum
particles into the host Mt layers. TEM images also indicate the ex-
istence of a highly porous structure in the pillared interlayered Mt.
It should be noticed that the intercalated samples are probably not
stable during the TEM observation. The high temperature gener-
ated from the electron beam might cause the transformation of
intercalated particles into pillared ones.

3.4. Solid-state 27Al MAS NMR analysis

A strong and sharp signal at 5.4 ppm was detected in the range
of -20e20 ppm (Fig. 5 Aa) and assigned to the mono Al in the
octahedral sheet of Mt [53]. Two broad peaks at 60.4 ppm and
70.9 ppm (Fig. 5Ba), respectively, indicate the presence of tetra-
hedral Al [54,55]. These two peaks arise from the substitution of
Al3þ for Si4þ in tetrahedral sheets [56]. In Fig. 5Ab, the signal at
5.6 ppm is attributed to the octahedral Al in layers of Mt and
external shells of Al30 cation. Asymmetry of octahedral Al in the
shell of Al30 make the peak wider than that of Mt (5.4 ppm). With
the intercalation of Al30 cations, the signal of quadridentate Al in Mt
tetrahedral sheets shifts from 60.4 ppm to 64.4 ppm (Fig. 5B). This
is due to the interaction between Al30 cations and the charged
layers of Mt. A small amount of Al13 cations may exist in the
interlayer space of Al30-INTM, because a signal of typical tetrahe-
dral Al in Al13 of Al13-PILM can be observed at near 64 ppm [53]. The
isotropic chemical shift at 70.5 ppm (Fig. 5Bb) belongs to quad-
ridentate Al of Al30 cations in Al30-INTM [33], which is in good
agreement with values for crystalline Al30 sulfate [32,57]. This
intense resonance peak of Al30-INTM (70.5 ppm) is quite different
from that of Al13 (64 ppm) [53], due to the symmetric differences of
their structures. Therefore, the existence of Al30 in Al30-PILM can be
confirmed. On the basis of XRD and TEM results, it is definite that
Al30-PILM has been synthesized successfully.

3.5. Main chemical composition

XRF datum of Mt, Al13-PILM, Al30-PILM are displayed in
Table 1. On the basis of these results, we found that (Al2O3)/(SiO2)
ratio values of samples was increased, with pillaring by poly-
cations of Al13 and Al30. The ratio values of (Al2O3)/(SiO2) for Mt,
Al13-PILM, and Al30-PILM are 0.27, 0.46, and 0.60, respectively.
Increment of aluminum was caused by the pillared polycations of
aluminum, and the quantities of increased Al2O3 between



Table 2
Structural parameters of the initial Mt, Al13-PILM and Al30-PILM samples.

Sample SSA (m2/g)a Sext (Smicro) (m2/g)b VP (cm3/g)c VmP (VmP) (cm3/g)d APD (nm)e

Mt 69.5 69.5 (0) 0.119 0 (0.119) 6.9
Al13-PILM 258.8 135.6 (123.2) 0.161 0.051 (0.110) 2.4
Al30-PILM 311.2 176.8 (134.4) 0.192 0.055 (0.137) 2.4

a SSA ¼ total specific surface area (degas at 120 �C).
b Sext ¼ external surface area, evaluated from t-plot method; surface area of micropore (Smicro) is obtained by subtracting Sext from total surface area (SSA).
c VP ¼ total porous volume, from the amount adsorbed at the relative pressure of 0.978.
d VmP ¼ microporous volume, calculated by t-plot method; mesoporous volume (VmP) ¼ VP -VmP.
e APD ¼ average pore diameter.

Fig. 8. Schematic representation of Al30-PILM formation; two adjacent Al30 particles can exfoliate Mt layers and create a larger cavity.
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montmorillonite layers in Al30-PILM is nearly twice that of Al13-
PILM. By an approximate calculation, we found that Al30-PILM
contained about 0.12 mmol Keggin-Al30 polycations per gram,
while Al13-PILM contained about 0.17 mmol Keggin-Al13 poly-
cations per gram.
3.6. Specific surface area and porosity

In Fig. 6, curves of Al13-PILM and Al30-PILM are distinctly
different to that of Mt. After intercalation and calcination, both the
N2 adsorption-desorption isotherm types of Al13-PILM and Al30-
PILM turned to type IV (IUPAC classification) [58], indicating a
greater microporosity. In the region of relatively low pressure, both
adsorption isotherms of the two pillared samples exhibit Langmuir
adsorption type I, suggesting the presence of micropores. Ac-
cording to the quantities of N2 adsorbed at very low relative
pressure, Al30-PILM has a larger micropore volume than Al13-PILM.
The hysteresis loops of the isotherms of pillared products may be
caused by the three-dimensional co-aggregation of montmoril-
lonite layers.

In Fig. 7, the pore size distributions of Mt, Al13 pillared inter-
layered Mt (Al13-PILM) and Al30 pillared interlayered Mt (Al30-
PILM) show that the size of pores in these samples is quite non-
uniform. Compared with the original Mt, the pillared samples of
Al13 or Al30 possess fantastic porosity with pore diameters at about
1e2 nm. The enhanced porosities of Al13 or Al30 are resulted from
the pillaring with inorganic cations, Keggin-Al13 and Al30. The mi-
cropores dominate the major pore size distributions due to the
permanent expansion of basal spaces, indicating the microporous
feature of Keggin polycations pillared clay minerals. Meanwhile,
incremental pore volumes of Al30-PILM samples are larger than
those of Al13-PILM samples, and the former samples have a slight
increase in pore width.

As summarized in Table 2, the pillaring process with inorganic
polycations of Al13 and Al30 leads to a dramatic increment in SSA
and porosity, because the polymerized Al cations have entered into
interlayer space and pillared the Mt layers. Both microporosity and
mesoporosity contribute to the total porosity and SSA in the
resultant Al-PILMs, particularly to the micropores. The SSA and
porosity of Al30-PILM are much larger than those of Al13-PILM. The
larger textural parameters of Al30-PILM are probably due to a larger
cation size and higher ion charge of Al30.
4. Conclusions

In conclusion, the method of hydrolysis of AlCl3 with NaOH
has been applied to prepare Al30-PILM. High-field liquid 27Al NMR
results have proved that Al30 cations are main components in
the intercalating solution, solid-state 27Al NMR analysis of the
intercalated products have confirmed that Al30 still exists. The
combination of XRD and TEM have revealed the expansion of
Mt layers, indicating the successful synthesis of Al30-PILM.
The porous structure of resultant product is from the expansion
of Mt layers by Al30 cations. Compared with the structural
parameters of Al13-PILM, the big size of Al30 cation leads to a
greater SSA (311.2 m2/g) and Vp (0.192 cm3/g) of Al30-PILM. The
possible schematic representation of Al30-PILM synthesis is
shown in Fig. 8.
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Since Al30 has a relatively large particle size, high cation charges,
and abundant hydroxyl groups, the intercalation of Al30 into
montmorillonite may lead to more Lewis acid sites. Also, the
thermal stability of Mt may be enhanced greatly. A further break-
through will focus on optimization of synthesis condition, which
may change the orientation of Al30 pillars from horizontal to ver-
tical. The prospective configurationwill definitely bring even larger
interlayer spacing and microporosity. Overall, the fundamental
work in this study is critical to the development of superior cata-
lysts and adsorbent materials.
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