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A B S T R A C T

Montmorillonites intercalated with silica, silica-alumina, silica-titania and silica-zirconia pillars by surfactant
directed method were studied as catalysts for dehydration of methanol and ethanol to dimethyl ether as well as
diethyl ether and ethylene, respectively. Moreover, the samples of montmorillonite intercalated with silica
pillars were doped with aluminum using template ion-exchange method. In the case of all the samples deposited
metal (Al, Ti, Zr) species were present in highly dispersed forms and resulted in generation of acid sites cata-
lytically active in dehydration of methanol and ethanol. The best catalytic results in both studied processes were
obtained for the samples doped with aluminum, especially introduced by using template ion-exchange method
(first time applied for deposition of metal cations into PCHs), which were more catalytically active in the process
of methanol to dimethyl ether conversion than γ-Al2O3 (one of the most important commercial catalysts of this
process). High catalytic activity of the aluminum doped samples was related to the nature and strength of acid
sites active in the processes of alcohols dehydration.

1. Introduction

Cationic layered clay minerals are a group of materials with a very
high potential for possible applications in various areas, including
catalysis. It is related to their unique structures, which can be relatively
easy modified in various ways to adjust properties of clay minerals to
specific needs. There is a great variety of clay minerals with different
layered structures and containing various chemical elements important
in catalysis.

Various methods were proposed for functionalization of cationic
layered clay minerals for catalytic applications. Among them inter-
calation of cationic layered minerals with metal oxide pillars (e.g.
Al2O3, TiO2, ZrO2), resulting in materials called pillared interlayered
clays (PILCs), is considered as one of the most important method
(Chmielarz and Kowalczyk, 2015). PILCs are characterized by a rela-
tively high specific surface area (150–350 m2/g), developed micro-
porous structure, ion-exchange properties and surface acidity
(Chmielarz and Kowalczyk, 2015). Porous clay heterostructures (PCHs)
are another very important group of materials, which can be produced
from cationic layered clay minerals (Galarneau et al., 1995). The

synthesis of PCHs is based on intercalation of pure silica (Benjelloun
et al., 2001) or multicomponent silica-containing pillars (Kooli et al.,
2006; Chmielarz et al., 2009a) into the interlayer space of clay mineral
by surfactant directed method. PCHs are characterized by a relatively
high specific surface area (up to 1000 m2/g), combined micro- and
mesoporous structure, surface acidity and cation exchange properties.
Acidity is a very important property of PCHs influencing their catalytic
performance in various processes and is dependent mainly on the host
clay mineral used for the synthesis of these materials (Pichowicz and
Mokaya, 2001; Kooli et al., 2006; Chmielarz et al., 2010, 2011, 2012;
Saboya et al., 2016) and cationic species (e.g. Al3+, Ti4+ or Zr4+)
incorporated into silica pillars (Chmielarz et al., 2009b, 2010, 2014;
Pinto et al., 2012). Another possible way for deposition of cationic
species, called template ion-exchange (TIE) method (Kowalczyk et al.,
2016, 2017), is based on exchange of organic templates for cationic
metal species in as-synthetized PCHs in a polar solvent. The TIE method
seems to be a very promising alternative for other methods of cataly-
tically active components deposition (e.g. impregnation or grafting).
This method was reported to be effective for deposition of various metal
cations into mesoporous silicas, mainly of MCM-41 (Kowalczyk et al.,
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2016, 2017), and resulted in significant amounts of deposited metal
species in highly dispersed form. According to the authors knowledge
up till now the application of TIE method for deposition of catalytically
active components into PCHs has not been reported in scientific lit-
erature.

PCH materials were studies as catalysts of various reactions in-
cluding DeNOx process (Chmielarz et al., 2009a, 2009b, 2011;
Chmielarz and Kowalczyk, 2015). Among PCHs intercalated with var-
ious pillars and doped with different transition metals the most pro-
mising results were obtained for monmorillonite intercalated with si-
lica-titania pillars and additionally modified with copper or iron, which
were able to effectively catalyse reduction of NO with ammonia in a
broad temperature range with a very high selectivity to dinitrogen
(Chmielarz et al., 2009a). Belver et al. (2012) reported very promising
catalytic properties of delaminated porous clay heterostructures
(DPCHs) intercalated with silica-alumina pillars in the synthesis of p-
cymene from limonene. WO3 supported on PCHs intercalated with
SieZr pillars were reported as active catalysts for esterification of ri-
cinoleic acid with 2-ethylhexanol. Moreover, authors reported that
active components were not leached to the liquid phase, which in-
dicated their high stability. On the other hand Pires et al. (2004) and
Pinto et al. (2012, 2014) reported high efficiency of PCHs in separation
of gas mixtures. Silica intercalated PCHs modified with zirconia pre-
sented high selectivity in separation of aromatic molecules such as to-
luene/benzene, p-xylene/benzene and benzene/n-hexane. Activating
role of zirconium was related to its high surface acidity (Pinto et al.,
2012). Moreover, PCHs were reported to be effective adsorbents of
reactive dyes, Remazol Violet 5R and Acid Blue 25 (Aguiar et al., 2017).
The adsorptive efficiency of PCHs was improved by their intercalation
with silica-zirconia pillars. It was suggested that adsorption process
takes place by electrostatic interactions between the silanol groups of
PCHs with functional groups of dyes, such as amine or hydroxyl. PCHs
showed to be promising materials for the adsorption of dye. On the
other hand PCHs modified with amine species were reported to be ef-
fective adsorbents for the CO2 capture (Vilarrasa-Garcia et al., 2017). It
was assumed that CO2 capture occurs by the coexistence of physical and
chemical adsorption sites. This short presentation of various examples
of successful applications of PCH based materials in various areas
clearly shows their great potential.

The presented studies are related to the synthesis of effective cata-
lysts based on the PCH materials for dehydration of alcohols to DME,
DEE and ethylene.

Alcohols have been considered as being among the best alternatives
to petroleum for the production of environmental-friendly transporta-
tion fuels, fuels additives and petrochemicals. Dimethyl ether (DME)
and diethyl ether (DEE) can be produced by dehydration of methanol or
ethanol, respectively, over solid acid catalysts (Varisli et al., 2007;
Rownaghi et al., 2012). Dimethyl ether (DME), the simplest of ethers, is
one of the most promising environmentally benign and economic al-
ternative fuels for the future applications (Xu et al., 1997; Rownaghi
et al., 2012). It is related to its high cetane number (about 55–60), high
oxygen content (34.8% by mass) and lack of CeC bond (Xu et al., 1997;
Takeguchi et al., 2000; Varisli et al., 2007; Rownaghi et al., 2012). DME
is used as coolant, key intermediate for the production of many im-
portant chemicals (such as dimethyl sulfate or methyl acetate), source
of hydrogen for fuel cells, fuel in gas turbines for power generation (Jin
et al., 2007; Stiefel et al., 2011; Tokay et al., 2012). Dimethyl ether can
be produced in two main routes. The first one is based on direct
synthesis of DME from syngas (syngas-to-dimethyl ether, STD) over
bifunctional catalysts, consisting of methanol synthesis component as
well as methanol dehydration component (Xu et al., 1997; Jin et al.,
2007; Stiefel et al., 2011; Rownaghi et al., 2012; Tokay et al., 2012).
The second route is based on two separated processes consisting of
methanol synthesis from syngas in a first step and methanol to DME
conversion in the second step (methanol-to-dimethyl ether, MTD) (Xu
et al., 1997; Jin et al., 2007; Stiefel et al., 2011; Rownaghi et al., 2012;

Tokay et al., 2012). DME synthesis from methanol is reported to be acid
catalyzed exothermic reaction. Commercial catalysts, typically used for
the MTD process, are solid acid materials, such as γ-Al2O3, zeolites
(HZSM-5 or HY), silica-alumina or phosphorus-alumina (Xu et al.,
1997; Yaripour et al., 2005; Jin et al., 2007; Stiefel et al., 2011; Abu-
Dahrieh et al., 2012; Rownaghi et al., 2012; Sung et al., 2012; Tokay
et al., 2012; Alamolhoda et al., 2012). Dehydration of ethanol results in
ethylene, which is one of the main feed stock for petrochemical industry
and diethyl ether (DEE), which has excellent properties of transporta-
tion fuels (cetane number above 125) (Varisli et al., 2007; Takahara
et al., 2015). Good burning properties of DEE make it a promising al-
ternative fuel or fuel additive for diesel fuel (Kito-Borsa et al., 1998).
Blending of DEE with ethanol was reported to improve the cold start
problem in ethanol fueled cars (Ciftci et al., 2012).

2. Experimental

2.1. Preparation of catalysts

Bentonite (CEC = 82 cmol(+)/kg, SBET = 77 m2/g, S&B Industrial
Minerals GmbH) was used as a starting material for the preparation of a
series of PCHs. Montmorillonite was the main component of raw clay
with only a small contribution of muscovite, illite and quartz. The raw
clay was purified by sedimentation. The slurry of 3 wt% of clay in water
was stirred for 2 h and then sediment in Imhoff funnel for 24 h.
Subsequently, the modified clay mineral (6 g) was added to a solution
(0.1 M; 200 ml) of surfactant (hexadecyltrimethylammonium chloride –
HDTMA, Fluka) and stirred at 50 °C for 24 h. Then, the modified
montmorillonite (HDTMA-Mont) was separated from the solution and
washed with demineralized water until complete removal of chloride
anions. In the next step, the modified clay was divided into four parts.
Each portion of montmorillonite modified with surfactant was added to
melted hexadecylamine (HDA, Fluka), which played a role of co-sur-
factant.

Subsequently, depending on the type of pillaring agent used, various
porous clay heterostructure (PCH) materials were obtained:

2.1.1. PCH-Si
Tetraethylorthosilicate (TEOS, Fluka) was added to the first portion

of montmorillonite modified with surfactant and co-surfactant. The
obtained dispersion was allowed to react for 4 h under continuous
stirring. The HDTMA/HDA/TEOS molar ratio of 1/20/150 was applied
in the PCH-Si synthesis.

2.1.2. PCH-Al
A mixture of TEOS and aluminum isopropoxide (AIP, Fluka) was

added into the second portion of montmorillonite modified with sur-
factant and co-surfactant. The obtained dispersion was allowed to react
for 4 h under continuous stirring. The HDTMA/HDA/TEOS/AIP molar
ratio of 1/20/144/6 was applied in the synthesis of PCH-Al.

2.1.3. PCH-Ti
The procedure similar to that used for the PCH-Al synthesis was

applied. The only difference was related to the use of titanium iso-
propoxide (TIP, Fluka) apart from AIP. The HDTMA/HDA/TEOS/TIP
molar ratio of 1/20/144/6 was used for the synthesis of the PCH-Ti
sample.

2.1.4. PCH-Zr
The procedure analogous to that used for the PCH-Al synthesis was

applied. The only difference was related to the use of zirconium iso-
propoxide (ZIP, Fluka) apart from AIP. The HDTMA/HDA/TEOS/ZIP
molar ratio of 1/20/144/6 was applied the synthesis of PCH-Zr.

In the case of all PCH synthesis, in the subsequent step the modified
monmorillonite samples were separated from the solutions, washed
with pure ethanol, dried at room temperature and finally calcined at
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temperature 550 °C for 6 h.
Another two samples were obtained by modification of the as-pre-

pared PCH-Si sample (non-calcined) with aluminum using template ion-
exchange (TIE) method. 1 g of the non-calcined PCH-Si sample was
introduced into 50 cm3 of methanol solution of Al(NO3)3. Deposition of
aluminum into the PCH-Si sample by TIE method was done by using
two methanol solutions with Al(NO3)3 concentrations of 0.0029 and
0.0034 mol per 1 g of the non-calcined PCH sample. The slurries ob-
tained by introduction of PCH-Si into methanol solutions of Al(NO3)3
were heated under reflux to 70 °C and intensively stirred in this tem-
perature for next 3 h. Finally, the modified PCH-Si samples were se-
parated by filtration, washed with methanol, dried at 60 °C and cal-
cined at 550 °C. The samples obtained by TIE method with using less
concentrated solution of Al(NO3)3 is denoted as PCH-Al(TIE1), while
the sample produced with using more concentrated solution of alu-
minum chloride is denoted as PCH-Al(TIE2).

2.2. Characterization of catalysts

PCH materials were characterized with respect to their structure,
texture, chemical composition as well as surface acidity (concentration,
strength and nature of acid sites).

XRD patterns were acquired in an Empyrean diffractometer from
PANalyticla, equipped with CuKα anode (λ = 0.154059). The XRD
diffractograms were recorded in the 2θ range from 1 to 10° with a step
of 0.01° and scan step time 200 s. In the second series of experiments
the XRD patterns were recorded in the 2θ range from 5 to 70° with scan
step of 0.01° and scan step time 73 s.

Textural parameters of the PCH samples were determined by N2

adsorption at −196 °C using a 3Flex (Micromeritics) automated gas
adsorption system. Prior to the analysis, the samples were outgassed
under vacuum at 350 °C for 24 h. The specific surface area was de-
termined using the BET equation, while pore size was enumerated using
the DFT model. The total pore volume was determined by means of the
total amount of adsorbed nitrogen at p/p0 = 0.98. The micropore vo-
lume was calculated using the t-plot analysis (Harkins and Jura model).

Chemical composition of the PCH samples was determined by X-ray
fluorescence (XRF) method using a Thermo Scientific ARL Quant'x
spectrometer.

The form and coordination of transition metals (Fe, Ti) present in
the studied samples were analyzed by UV–vis–DR spectroscopy using an
Evolution 600 (Thermo) spectrophotometer. The UV–vis–DR spectra of
the PCH samples were recorded in the range of 200–900 nm with a
resolution of 2 nm.

The 27Al MAS NMR spectrometry was used for determination of the
form and coordination of aluminum species present in the samples. The
spectra were collected using NMR Avance 300 MHz (Bruker) with a SB-
UltraShield superconducting magnet equipped with CP/MAS probe of
BL-4 type. The measurements were performed at room temperature.

The surface acidity (concentration and strength of acid sites) of the
PCH materials was determined by temperature-programmed desorption
of ammonia (NH3-TPD). NH3-TPD measurements were carried out in
the temperature range of 70–550 °C in a fix bed continuous flow mi-
croreactor. The reaction temperature was measured by a K-type ther-
mocouple located in a quartz capillary immersed in the catalyst bed.
Molecules desorbing from the samples were monitored on line by a
quadrupole mass spectrometer (PREVAC) connected directly to the
reactor outlet via a heated line. Before NH3-TPD experiments, the
sample (100 mg) was outgassed in a flow of pure helium
(20 cm3 min−1) at 550 °C for 1 h. Subsequently, the sample was cooled
down to 70 °C and saturated for about 2 h in a flow of NH3 (1 vol%)
diluted in He (20 cm3 min−1). Then the catalyst was purged in a flow of
pure helium until a constant baseline level was attained. Desorption
was carried out with the linear heating rate of 10 °C min−1 in a flow of
pure helium (20 cm3 min−1). Calibration of the quadrupole mass
spectrometer with commercial mixtures allowed to recalculate detector

signal into ammonia desorption rate.
Distribution of acid sites of Brønsted and Lewis types was de-

termined by FTIR analysis of the pyridine pre-adsorbed samples. Prior
to FTIR studies, the samples were formed into the self-supporting wa-
fers (ca. 5 mg cm−2) and in-situ thermally treated in quartz home-made
IR cell at 450 °C under high vacuum for 1 h. Quantitative experiments
were carried out with the use of pyridine as a probe molecule. The
measurements were realized by saturation of acid sites in the samples
with pyridine (POCH) at 130 °C and subsequently, physisorbed pyridine
molecules were removed by evacuation at the same temperature for
20 min and then the spectrum was recorded. FTIR spectra were re-
corded with a Bruker Tensor 27 spectrometer. The concentrations of
both Brønsted and Lewis acid sites were calculated from the maximum
intensities of the PyH+ and PyL bands and corresponding values of the
extinction coefficients (Datka et al., 1996).

2.3. Catalytic tests

The PCH samples were tested in the role of catalysts of two pro-
cesses: (1) conversion of methanol to dimethyl ether (DME) and (2)
conversion of ethanol to diethyl ether (DEE) and ethylene.

Catalytic experiments of both processes were performed in a fixed-
bed quartz microreactor system under atmospheric pressure in the
temperature range from 100 to 325 °C in intervals of 25 °C. For each
test, 100 g of catalyst with a particle size between 0.160 and 0.315 mm
was outgassed in a flow of pure helium at 350 °C for 1 h. After cooling
down to 100 °C the gas mixture containing 3.9 vol% of methanol di-
luted in helium (total flow rate of 20 ml/min, isothermal saturator at
0 °C) or 5.7 vol% of ethanol diluted in pure helium (total flow rate of
20 ml/min, isothermal saturator at 20 °C) was supplied into micro-
reactor. To avoid any condensation products during the reaction run,
the gas lines were heated to 120 °C using heating tapes. The outlet gases
were analyzed using a gas chromatograph (SRI 8610C) equipped with
methanizer and FID detector.

For the selected catalyst additional isothermal stability tests in both
studied processes were done at 250 °C for 8 h.

3. Results and discussion

Diffractograms of the PCH samples were recorded in two ranges –
low 2 theta angle range (1–10°, Fig. 1A) and broad 2 theta angle range
(5–70°, Fig. 1B). As in can be seen from diffractograms presented in
Fig. 1A the only low intensive and broad 001 reflections, characteristic
of long distance ordering of clay mineral layers were recorded in the
low 2 theta angle range. Thus, the PCH samples are characterized by
rather weak ordering of montmorillonite layers (partially delaminated
structure). D-value determined from the locations of 001 reflections in
diffractograms are in the range of 3.98–4.45 nm. Taking into account
the thickness of the montmorillonite layers, which is 0.96 nm (Xu and
Boyd, 1995), the interlayer distance in the PCH samples is in the range
of 3.02–3.49 nm. Taking into account that length of HDTMA surfactant
and HDA co-surfactant are about 2.5 nm it seems that the surfactant
and co-surfactants molecules formed the paraffin-bilayer arrangement
in the interlayer space of montmorillonite (Scheme 1). The possibility of
the formation of such surfactant-clay mineral structure was reported by
Slade and Gates (2004) and Zhu et al. (2008). However, it should be
noted that this is only idealized model structure, which does not include
specific interactions of surfactants with exchangeable cations, water
molecules, hydrogen bonds at the mineral surface and van der Waals
interactions. Experimental studies often provide only indirect in-
formation and for better understanding of this problem conjunction
with atomistic models and simulation is necessary (Cygan et al., 2004a,
2004b; Heinz, 2012). Diffractograms presented in Fig. 1B are char-
acteristic of the montmorillonite structure and also show the presence
of quartz impurities in raw montmorillonite (diffractogram not shown)
and therefore also in the PCH samples obtained by its intercalation. Any
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reflections characteristic of Al2O3, TiO2 and ZrO2 were found in dif-
fractograms of the PCH samples, indicating deposition of these metal
oxide in well dispersed forms.

Nitrogen adsorption-desorption isotherms measured for the PCH
samples are shown in Fig. 2A, the profile of pore size distributions
(PSD) are presented in Fig. 2B, while textural parameters of the PCH
samples are compared in Table 1.

The isotherms of the PCH samples (Fig. 2A) can be classified as IVa
type, according to the IUPAC recommendations (Thommes et al.,
2015). This type of isotherm is characteristic of mesoporous materials.
The shape of hysteresis loops differs depending on the PCH synthesis
method. In the case of PCH-Si, PCH-Al, PCH-Ti and PCH-Zr hysteresis
loops can be classified as H4. Such shape of hysteresis loop is char-
acteristic of the slit-like pores with wide pore size distribution. The
sharp step at the desorption branch can be attributed to pore-blocking
or cavitation controlled desorption e.g. in the narrow pore “necks” of
various sizes (Thommes, 2010). Deposition of aluminum by TIE
method, resulting in PCH-Al(TIE1) and PCH-Al(TIE2), influenced the
shape of pores in the final material, what is evidenced by the change in
hysteresis shape to H3. This type of the hysteresis loop is characteristic
of plate-like materials such as clays. The higher uptake at high partial
pressures is connected with the presence of mesopores with greater
pore diameter than in the case of the PCH-Si, PCH-Al, PCH-Ti and PCH-
Zr samples (what could be also associated to the interpartical porosity).

It could be concluded that modification of PCH-Si with Al by TIE
method minimized the loose in porosity and prevented pore-blocking,
caused by intercalation of montmorillonite (which was followed by
thermal treatment – calcination,) what is also reflected by changes in
the textural properties such as BET specific surface area and pore vo-
lume (Table 1).

The PSD profiles determined by using DFT model, based on ad-
sorption branch of isotherms, obtained for all the PCH samples consist
of peaks with maximum in the range of 3.17–3.27 nm related to in-
terlayer pores formed by pillaring process (Fig. 2B). Deposition of
aluminum to as-prepared (non-calcined) PCH-Si by template ion-ex-
change (TIE) method resulted in slight increase in pore size in PCH-Al
(TIE1) and PCH-Al(TIE2). To explain the differences in interlayer pore
size of the samples obtained by TIE method and other PCHs, it should
be remind that the last step of the PCH preparation is calcination of the
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Fig. 1. X-ray diffractograms of the PCH samples recorded in low (A) and broad (B) 2 theta
angle range.

Scheme 1. Paraffin-bilayer arrangement of surfactants and
co-surfactants in the interlayer space of montmorillonite.
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as-prepared samples to remove organic templates from their pore sys-
tems. In the case of the PCH-Al(TIE1) and PCH-Al(TIE2) samples a
significant amount of organic surfactants was extracted (template ion-
exchange step) from the samples before calcination and therefore the
heat production as a result of exothermal surfactant burning is lower in
comparison to the PCH-Si, PCH-Al, PCH-Ti and PCH-Zr samples.

Therefore, it could be expected that in the case of the samples obtained
by TIE method their local overheating during organic templates
burning is limited and therefore also collapse of the pillared structure is
less significant in companion to the other PCH samples.

The interlayer distance determined from XRD studies, which is in
the range of 3.02–3.49 nm (Fig. 1A) is similar to the maxima of PSD
determined from the low-temperature N2 adsorption, which is in the
range of 3.12–3.27 nm (Fig. 2B).

Apart from interlayer pores, PCHs contains also larger mesopores
and macropores (Fig. 2B). It can be seen that the PSD profiles in this
range is very similar for PCH-Si and both samples obtained by TIE
method. It is not suppressing because all these samples were obtained
from this same precursor and only different methods were used for
removal of surfactants from their pore systems. The PCH-Al, PCH-Ti and
PCH-Zr samples are characterized by lower volume of larger pores,
what could be related to deposition and partial blocking of such pores
by metal Al-, Zr- and Ti-oxide aggregates.

Results of the chemical analysis of PCHs are presented in Table 2.
Apart from silicon, aluminum, magnesium and iron, which are typical
components of the montmorillonite layers, also small amounts of in-
terlayer cations (Ca2+ and K+), which were not completely exchange
for organic surfactants during PCH synthesis, were detected. It should
be mentioned that Mg2+ cations can be located both in the montmor-
illonite layers as well as interlayer cations. Small amounts of titanium
were present in all PCHs as impurity of the raw clay. Intercalation of
montmorillonite with SieTi and SieZr pillars resulted in increased
content of these elements in the PCH samples. The mass content of
deposited zirconium is nearly 3 times higher in comparison to titanium.
It is related mainly to a very significant difference in their atomic mass,
which is 47.9 for titanium and 91.2 for zirconium. In a group of the
aluminum doped PCH samples the content of this element is sig-
nificantly higher for the samples obtained by intercalation of SieAl
pillars into montmorillonite (PCH-Al) than for the samples obtained by
TIE method - PCH-Al(TIE1) and PCH-Al(TIE2).

The state of aluminum in the samples was studied by 27Al MAS NMR
spectroscopy (Fig. 3). The spectrum of PCH-Si consists of two signals at
−7 and 44 ppm corresponding to aluminum in octahedral and tetra-
hedral coordination, respectively (Macina et al., 2016a). Octahedral Al,
with contribution of about 78% of total aluminum content, is located in
octahedral sheets of montorillonite, while the remaining 22% of alu-
minum is in tetrahedral coordination, possibly in tetrahedral sheets of
clay mineral or/and in extra-layer positions. Incorporation of aluminum
into silica pillars (PCH-Al) resulted in an increase of signals related to
both forms of aluminum, however the contribution of octahedrally
coordinated Al was slightly lower in comparison to PCH-Si. Therefore,
it seems that aluminum present in pillars of the PCH-Al sample exists
both in octahedral and tetrahedral coordinations. On the other hand
deposition of aluminum by using TIE method resulted mainly in surface
Al in tetrahedral coordination, especially in the case of deposition of
lower amounts of aluminum (PCH-Al(TIE1)), while for the sample PCH-
Al(TIE2), with higher aluminum loading, this metal was also deposited
in the form of octahedrally coordinated cations. Any signals
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Fig. 2. Nitrogen adsorption-desorption isotherms (A) and pore size distribution (B) in the
PCH samples.

Table 1
Textural parameters and surface acidity of the PCH samples.

Sample SBET VTOT Vmic CAS DAS Type of acid sites [%]a

m2/g cm3/g cm3/g mmol/g mmol/m2 Brønsted Lewis

PCH-Si 642 0.972 0.065 178 0.28 34.1 65.9
PCH-Al 318 0.296 0.002 268 0.84 30.2 69.8
PCH-Ti 338 0.466 0.001 276 0.82 48.9 51.1
PCH-Zr 320 0.387 0.004 180 0.56 50.0 50.0
PCH-Al

(TI-
E1)

428 1.006 0.012 305 0.71 37.0 63.0

PCH-Al
(TI-
E2)

425 0.898 0.016 306 0.72 28.1 71.9

a Determined by FT-IR analysis of the samples pre-adsorbed with pyridine and out-
gassed at 180 °C.

Table 2
Chemical composition of montmorillonite and PCH samples.

Sample SiO2 Al2O3 MgO Fe2O3 CaO K2O TiO2 ZrO2

wt%

Montmorillonite 69.1 21.9 3.1 3.5 0.3 0.8 0.3 0.0
PCH-Si 82.0 13.8 1.3 2.1 0.0 0.4 0.1 0.0
PCH-Al 65.5 28.6 2.0 2.9 0.1 0.6 0.2 0.0
PCH-Ti 69.9 19.0 1.9 2.1 0.1 0.5 6.3 0.0
PCH-Zr 60.9 16.2 1.2 3.2 0.2 0.6 0.2 17.3
PCH-Al(TIE1) 76.3 19.8 1.3 2.0 0.0 0.4 0.1 0.0
PCH-Al(TIE2) 75.9 20.1 1.2 2.0 0.0 0.4 0.1 0.0
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characteristic of penta-coordinated aluminum cations at about 30 ppm,
which typically coexists with the signals of octahedrally and tetra-
hedrally coordinated Al in the spectra of Al2O3 aggregates (Belver et al.,
2012) were found. Thus, the formation of Al2O3 during pillaring or TIE
processes, as well as subsequent calcination was not occurred.

The forms of titanium in the PCH-Ti sample were studied by UV–vis-
DR spectroscopic analysis. Because the parent montmorillonite, and
therefore also all PCH materials obtained from this clay, contain iron
(element active in UV–vis-DRS) the spectrum recorded for PCH-Si was
subtracted from the spectrum of PCH-Ti. Such operation allows dis-
tinguishing between the bands related to iron and titanium species. The
original spectrum recorded for the PCH-Si sample, deconvoluted into
sub-bands, is presented in Fig. 4A. The most intensive band, assigned to
iron cations in the octahedral sheets, is located at about 255 nm, while
the low-intensive band at about 215 nm, could be attributed to small
amount of iron incorporated into the tetrahedral sheets (Kowalczyk
et al., 2016; Macina et al., 2016b). The broad band centered at about
320 nm is related to the presence of small oligomeric aggregates of iron
oxides, possibly impurities of the raw clay (Kowalczyk et al., 2016;
Macina et al., 2016b). Fig. 4B presents the UV–vis-DR spectrum related
only to the presence of titanium in the PCH-Ti sample. The spectrum
was deconvoluted into sub-bands with maxima at 235 and 270 nm.
According to Chen et al. (2011) the band at about 235 nm is assigned to
charge transfer from O2– to Ti4+ in tetrahedral coordination, while the
270 nm band is attributed to charge transfer from O2– to Ti4+ in oc-
tahedral coordination. Gianotti et al. (2003) suggest that the band at
about 235 is assigned to isolated tetrahedral Ti species and small chains
(a couple of tetrahedrally coordinated Ti ions linked by oxygen
bridges). The band at about 270 nm indicates the presence of Ti species
in octahedral coordination (possibly also Ti as penta-coordinated spe-
cies), which appears upon their hydration by insertion of water mole-
cules as extra-ligands (Galacho et al., 2007). Thus, it seems that such
octahedrally coordinated Ti species are located on the surface of the
interlayer pillars.

Acidity is reported to be a crucial feature of the catalysts for con-
version of methanol to dimethyl ether as well as ethanol to diethyl ether
and ethylene (Yaripour et al., 2005; Abu-Dahrieh et al., 2012). There-
fore two experimental methods, temperature-programmed desorption
of ammonia (NH3-TPD) and FTIR analysis of the samples pre-adsorbed
with pyridine (Py-FTIR), were applied for the characterization of the
surface acidity of the studied samples. NH3-TPD method allow to de-
termine the surface concentration and relative strength of acid sites,
while Py-FTIR method was used to distinguish between Lewis and

Brønsted types of acid sites. NH3-TPD profiles obtained for the PCH
samples are presented in Fig. 5, while the surface concentration of acid
sites (CAS) and surface density of acid sites (DAS) are compared in
Table 1. It should be mentioned that the surface concentration of acid
sites was determined from the NH3-TPD experiments assuming that one
ammonia molecule adsorb on one acid site. Desorption of ammonia
from the PCH samples proceeded in a broad temperature range of about
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90–550 °C showing high heterogeneity of acid center's strength. In the
case of PCHs the main desorption peak is located in the temperature
range from 180 to 215 °C, what clearly shows a significant contribution
of relatively weak acid sites in the samples. It should be noted that the
highest temperature of the main ammonia desorption peak (215 °C) was
observed for the Si-PCH sample. Assuming that in this case there are no
acid sites on the pure silica pillars, the acidity of the PCH-Si sample is
related only to the montorillonite layers. Incorporation of aluminum,
titanium or zirconium into silica pillars shifted this maximum into
lower temperatures suggesting that at least part of these metals formed
acid sites of lower strength. In the case of the desorption profiles of
PCH-Al and PCH-Zr the shoulders at about 250–450 °C show also the
presence of stronger acid sites generated by incorporation of aluminum
or zirconium into silica pillars. It proves a significant heterogeneity of
strength of acid sites located on the surface of the interlayer pillars.
Introduction of aluminum into the PCH-Si sample by TIE method re-
sulted in a significant increase in its surface acidity (Table 1) as well as
the formation of stronger acid sites (Fig. 5, shoulders above 250 °C). It is
not surprising because in the case of the samples obtained by TIE
method all introduced aluminum is deposited on the surface, in con-
tradiction to PCH-Al, where part of aluminum is located also inside of
the silica pillars. As it was shown by 27Al MAS NMR analysis, a sig-
nificant amount of deposited aluminum in the form of tetrahedrally
coordinated species is bounded into the silica pillars. Such tetrahedrally
coordinated aluminum cations in zeolites are known to form strong acid
sites both Brønsted and Lewis types (Derouane et al., 2013). The for-
mation of similar structures, of course in local scale because silica pil-
lars, in contradiction to zeolites, have amorphous character, cannot be
excluded.

The nature of acid sites was studied by FTIR spectroscopic analysis
of the PCH samples adsorbed with pyridine. The recorded spectra are
presented in Fig. 6, while contribution of Lewis and Brønsted acid sites
in the studied samples is compared in Table 1. Interaction of Brønsted
and Lewis acid sites with adsorbed pyridine resulted in an appearance
of the 1545 cm−1 band attributed to PyH+ ions and 1454 cm−1 band,
characteristic of Py-Lewis adducts. The concentration of Brønsted
(PyH+) and Lewis (PyL) acid sites, presented in Table 1, were calcu-
lated from the deconvoluted maximum intensities of the PyH+ and PyL
bands and the corresponding values of the absorption coefficients:
0.078 cm μmol−1 and 0.16 cm μmol−1 (Datka et al., 1996) for the
PyH+ and the PyL band, respectively. Pyridine also interacted with
slightly acidic silanols, resulting in appearance of the 1447 cm−1 band

(Jentys et al., 1999) (appearing for all samples) and, for the PCH-Ti and
PCH-Zr samples, also with Ti4+ and Zr4+ cations, resulting in forma-
tion of the 1449 cm−1 maximum (Billingham et al., 1996). Analysis of
the contribution of Brønsted and Lewis acidity in the PCH samples
(Table 1) leads to the conclusion that montmorillonite layers in PCH-Si
are characterized mainly by the presence of Lewis acids sites. In-
troduction of aluminum into the PCH samples, resulting in PCH-Al,
PCH-Al(TIE1) and PCH-Al(TIE2), generates mainly Lewis type acid
sites, while introduction of titanium (PCH-Ti) or zirconium (PCH-Zr)
results in the formation mainly Brønsted type acidity.

The PCH samples were studied as catalysts of methanol conversion
to dimethyl ether (DME) and ethanol conversion to diethyl ether (DEE)
and ethylene. The results of the catalytic tests of methanol to DME
conversion are presented in Fig. 7. The efficiency of this process in gas
phase (without catalyst) is very limited and the methanol conversion
did not excided 5% at temperature below 325 °C (results not shown).
Only slightly higher methanol conversion, which reached 15% at
325 °C, was obtained in the presence of montmorillonite. Intercalation
of montorillonite with silica pillars, giving the PCH-Si sample, resulted
in its dramatic catalytic activation in the process of the DME synthesis.
The conversion of methanol started at about 150 °C and reached 77% at
325 °C, with nearly 100% of selectivity to DME. Such significant in-
crease in catalytic activity can be explained by opening of the interlayer
space for reactants as a result of clay mineral intercalation. Assuming
that in the PCH-Si sample acid sites are located only in the clay mineral
layers the conversion of methanol to DME is catalyzed by these acid
sites. In the case of the PCH-Ti and PCH-Zr samples the conversion of
methanol started at about 150 °C and reached 68 and 73%, respec-
tively, at 325 °C with nearly 100% selectivity to DME. Acid sites in the
case of these samples are located not only in the clay mineral layers but
also are related to Zr4+ or Ti4+ cations incorporated of into silica
pillars. Comparison of BET specific surface area and pore volume de-
termined for PCH-Ti, PCH-Zr and PCH-Si (Table 1), shows that in the
case of two first samples pillaring was less effective and therefore also
availability acid sites located in the clay mineral layers, is limited in
comparison to PCH-Si. Acid sites generated by incorporation of Zr4+ or
Ti4+ cations into silica pillars are characterized by lower acid strength
in comparison to the sites located in the clay layers, what can be de-
ducted from the positions of the main peaks in NH3-TPD profiles
(Fig. 5). It seems possible that the strength of acid sites formed by in-
corporation of Ti4+ and Zr4+ into silica is too low to effectively convert
methanol to DME and therefore the catalytic activity of PCH-Ti and
PCH-Zr is lower in comparison to PCH-Si. In contrary to titanium and
zirconium, introduction of aluminum into silica pillars resulted in aFig. 6. FTIR spectra of the PCH samples adsorbed with pyridine.
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significant activation of the catalyst. This effect was observed for the
sample intercalated with SieAl pillars (PCH-Al) and for the samples
obtained by deposition of aluminum by TIE method - PCH-Al(TIE1) and
PCH-Al(TIE2). Methanol conversion in the presence of PCH-Al started
at about 150 °C and reached 80% at 325 °C (Fig. 7). The samples ob-
tained by TIE method were more active than PCH-Al. In this case the
conversion of methanol started at 125 °C, while at 325 °C reached 85%
for both PCH-Al(TIE1) and PCH-Al(TIE2). Analysis of NH3-TPD results
(Fig. 5) showed that the main maxima in ammonia desorption profiles
of the aluminum doped samples are located at temperatures lower in
comparison to the maximum in the profile of PCH-Si. But it should be
noted that deposition of aluminum, apart from the formation of rela-
tively weak acid sites (main desorption peak), resulted also in the for-
mation of stronger acidic sites assigned to the shoulders located in NH3-
TPD profiles at higher temperatures (275–390 °C, Fig. 5). Comparison
of the Al content in the samples doped with aluminum (Table 2) showed
that PCH-Al contained significantly larger amount of Al (28.5%) in
comparison to the samples obtained by TIE method (about 20%). On
the other hand the surface concentration of acid sites (CAS, Table 1)
was higher for the samples obtained by TIE method (about 305 μmol/g)
in comparison to PCH-Al (268 μmol/g). It could be explained by the
formation of only surface aluminum species by TIE method, while in the
case of PCH-Al part of aluminum species was located inside of silica
pillars and therefore was not available for the catalysis. Thus, it seems
that the synthesis of PCH-Si and subsequent deposition of aluminum by
TIE method is more affective for obtaining of the active catalysts for
methanol to DME conversion in comparison to the direct synthesis of
PCH-Al. The TIE method resulted in catalysts with higher specific sur-
face area and porosity and moreover, with better availability of acidic
sites generated by aluminum deposition. In Fig. 7, for comparison, re-
sults of catalytic test for γ-Al2O3 are presented. It should be noted that
PCHs modified with aluminum presented much higher catalytic activity
in comparison to γ-Al2O3, which is commercially used for methanol to
DME conversion. Thus, the PCH based catalysts seems to be very pro-
mising for application in the studied process.

Another important question is related to the role of nature acid sites
and their catalytic activity in the process of methanol to DME conver-
sion. As in can be seen from Fig. 6 and Table 1, in the case of aluminum
doped samples – PCH-Al, PCH-Al(TIE1) and PCH-Al(TIE2), which were
found to be the most active in a series of the studied catalysts, Lewis
acid sites dominated. While in the case of PCH-Ti and PCH-Zr, which
presented the lowest catalytic activity in the studied series of PCHs,
significantly lower contribution of Lewis and higher contribution of
Brønsted acid sites were found. Thus, it seems possible that Lewis acid
sites are more catalytically active in the process of methanol to DME
conversion than Brønsted acid sites. Of course this hypothesis has to be
proved by additional studies.

Fig. 8 presents the results of catalytic conversion of ethanol to
diethyl ether (DEE) and ethylene. The reaction seems to be similar to
the described above process of ethanol to dimethyl ether, however in
this case two main reaction products are formed – diethyl ether at lower
reaction temperatures and ethylene at higher reaction temperatures.
These temperature limits in the product formation are related to the
thermodynamic constraints of ethanol conversion (de Lima et al.,
2012). The ethanol conversion in the catalyst absence or in the presence
of purified montmorillonite was very poor. Intercalation of montmor-
illonite, resulting in PCHs, very effectively activated this clay mineral
for catalytic conversion of ethanol. It was related to the opening of the
interlayer space of montorillonite and formation of additional acid sites
by incorporation of Al, Ti and Zr into the structure of the silica inter-
layer pillars. The order of activity is very similar to that found for the
conversion of methanol to DME (Fig. 7). In a group of the PCH samples
the lowest catalytic activity presented PCH-Ti and PCH-Zr probably due
to the limited efficiency of the interlayer space opening and relatively
low strength of acid sites formed by incorporation of Ti or Zr into silica
pillars. On the other hand, similarly to methanol conversion, the PCH

samples doped with aluminum were in a group of the most active
catalysts for ethanol conversion. It could be explained by generation of
stronger acid sites by aluminum introduced into PCHs (Fig. 5). The
difference in ethanol conversion between the reaction performed in the
presence of PCH-Al and the samples obtained by TIE method (Fig. 8) is
less significant in comparison to the conversion of methanol (Fig. 7).
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DEE and ethylene were the only detected products of ethanol con-
version (Fig. 8). The formation of DEE dominated in the low-tempera-
ture range. The highest selectivity to DEE was obtained in the presence
of PCH-Ti and PCH-Zr, so the samples containing relatively weak acid
sites with significant contribution of Brønsted type acidity. Lower se-
lectivity to DEE presented the samples doped with aluminum - PCH-Al,
PCH-Al(TIE1) and PCH-Al(TIE2), so the catalysts containing stronger
acid sites mainly of Lewis type. The complete ethanol conversion with
100% selectivity to ethylene was obtained at 325 °C in the presence of
the Al-doped samples - PCH-Al, PCH-Al(TIE1) and PCH-Al(TIE2). In the
case of other PCHs the ethanol conversion was in the range of 85–95%
at 325 °C.

The role of the acid sites nature on the alcohols dehydration reac-
tion was studied and discussed by many authors. Recently, Phung et al.
(2014), who studied dehydration of ethanol over commercial aluminas,
suggested that at least part of ethanol adsorbs on the catalyst surface by
replacing of hydroxyl groups (Brønsted acid sites) forming ethoxy
groups and gas-phase water. Another part of ethanol is dissociatively
adsorbed on Lewis acid-base pairs forming ethoxy groups and new
surface OH groups. It is suggested that surface ethoxy groups are in-
termediate species for both diethyl ether and ethylene production. DEE
is possibly formed by a nucleophilic substitution reaction where ethoxy
groups attack as nucleophiles the carbon atom of either gas-phase
ethanol or H-bonded adsorbed undissociated ethanol. On the other
hand surface ethoxy group can be decomposed to ethylene when the

concentration of available undissociated ethanol is very low. This ex-
ample shows that that both Brønsted and Lewis acid sites can be cata-
lytically active in the process of alcohol dehydration.

For the PCH-Al(TIE1) catalyst additional isothermal stability tests in
both studied processes were done at 250 °C (Fig. 9). In the case of
methanol dehydration the alcohol conversion dropped by about 6%
from 67 to 61% during first four hours of the catalytic test and then was
at nearly stable level (Fig. 9A). The ethanol conversion decreased from
64 to 61% during first hour of the catalytic test and then was stabilized
on the level of 60–62% (Fig. 9B).Similarly the selectivities to ethylene
and DEE were stabilized after first short period of the catalytic test. The
obtained results clearly show that the studied catalyst is stable under
reaction conditions.

4. Conclusions

Porous clay heterostructures (PCHs), obtained by intercalation of
silica, silica-alumina, silica-titania and silica-zirconia pillars into the
interlayer space of montmorillonite were characterized by high specific
surface area and porosity. Incorporation of aluminum, titanium or zir-
conium into silica pillars resulted in lower values of these parameters in
comparison to PCH intercalated with pure silica pillars (PCH-Si). Acid
sites present in the montmorillonite layers and also generated by in-
corporation of metal (Al, Ti, Zr) species into silica pillars were cataly-
tically active in dehydration of methanol to dimethyl ether as well as
dehydration of ethanol to diethyl ether and ethylene. It was suggested
that the efficiency of the PCH based catalysts depends on the strength
and nature of acid sites. The best catalytic results in both studied pro-
cesses were obtained of PCHs doped with aluminum, especially de-
posited by template ion-exchange (TIE) method, which were more
catalytic active in methanol to dimethyl ether dehydration than γ-Al2O3

(one of the most important commercial catalysts of this process).
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