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This paper studies the surface properties of three systems based on imogolite, as it concerns the type,
acidic strength, accessibility and stability of hydroxyl groups. Proper imogolite presents a peculiar nano-
tube structure with remarkable surface features being the outer surface covered by Al(OH)AI groups and
the inner surface lined by abundant, but presumably non-interacting, =SiOH groups. As a hydrated alu-
mino-silicate, the behaviour of imogolite is very sensitive to thermal pre-treatments. Molecular water is
removed only at 300 °C: this makes inner silanols accessible to probes such as CO, ammonia, methanol
and, partially, to phenol. Silanols are as acidic as those of amorphous silica, but their abundance enhances
the interaction with adsorbed molecules: on the one hand, ammonia is observed to form ammonium spe-
cies, and on the other hand, diffusion is difficult. At temperatures around 500 °C, the nanotube structure
is lost with the formation of a lamellar phase showing new stronger acidic properties, resembling those of
amorphous alumino-silicates with high Al content. An amorphous precursor phase with the same chem-
ical composition (proto-imogolite) is also available, and has been studied as were the other forms of
imogolite.

Catalytic tests of gas-phase phenol reaction with methanol showed that the aromatic compound has a
limited access to inner silanols at high temperature, whereas methanol interacts with both inner silanols
and outer AI(OH)AI groups. Proto-imogolite shows a remarkable acid-type behaviour in phenol methyl-
ation, which, however, rapidly declines because of deactivation phenomena. A peculiar reactivity is
shown by the lamellar phase: its amphoteric character, combining both basic and acidic Lewis sites, leads
to a high regio-selective behaviour, and to the preferred formation of o-cresol.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Imogolite may also be obtained via sol-gel synthesis, the most
common methods being those of Farmer et al. and Wada et al.

Proper imogolite (from the Japanese “Imogo”, clay soil) is a
material of volcanic origin [1] with a chemical composition
(OH)3Al;05SiOH and a fascinating nanotube structure [2], which
is illustrated in Scheme 1. Formation of imogolite can be described
considering a single Al(OH )sgibbsite sheet and substituting, on one
side only, three OH groups with an orthosilicate unit O3SiOH. With
Si-0 bonds being shorter than Al-O bonds, the gibbsite-like sheet
curls up, eventually forming nanotubes. When the process is not
successful, an amorphous phase forms, which is proto-imogolite
(Scheme 2).
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[3-5], respectively. Natural imogolite nanotubes are several micro-
metres long, with an inner diameter and an outer diameter of 1.0
and 2.0 nm, respectively [2], whereas the outer diameter of syn-
thetic imogolite increases to ca. 2.7 nm. Electron diffraction mea-
surements [2] and computer models [6] showed that the most
likely structures for natural and synthetic imogolite are nanotubes
with 10 and 12 gibbsite units in the cross-section, respectively.
These structural findings are in agreement with the recent molec-
ular dynamics simulations, showing that the strain energy has a
minimum for nanotubes with 24 Al atoms in the cross-section
(corresponding to 12 gibbsite units) [7].

The structure represented in Scheme 1 for natural imogolite
allows for a few considerations concerning internal silanols. The
distance between two adjacent silanols in the same circumference
results to be 0.26 nm and that between two silanols of two adja-
cent circumferences is 0.40 nm. Silanols density can therefore be
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calculated through simple geometric considerations: it results to
be 9.1 OH nm~2, which is ca. twice as much as the average silanols
density at the surface of hydrated amorphous silicas, which is ca. 5
OH nm 2 [8]. Taking into account the rigidity of the pseudo-crys-
talline structure and the distances between them, internal silanols
are expected, in spite of the remarkable surface density, not to
show sizable reciprocal interactions.

Once formed, nanotubes organize into a porous network of
interwoven bundles, with three kinds of pores, shown in Scheme
3: (A) intra-tube pores (about 1 nm wide); (B) inter-tube pores,
the spacings between three aligned tubes in a regular packing

Scheme 3.

(0.3-0.4 nm wide) and (C) slit mesopores among bundles [9,10].
It is probable that inter-tube pores are too small to allow any
adsorption phenomenon [9,10].

Though much less famous than carbon nanotubes, imogolite
nanotubes exhibit interesting features, and offer potential applica-
tions in gas adsorption, separation and storage [6,9,10]; anions/cat-
ions retention from water [11-15] and catalysis [16,17]. The study
of the surface properties, e.g. the type and abundance of acidic
Lewis and/or Brensted species, and of the exploitation of such
systems has not been developed yet: the present paper constitutes
a pioneering attempt in the field.

From a catalytic point of view, the most interesting features are
(i) the nanoporous structure; (ii) the outer surface covered by Al
(OH)AI groups and (iii) the inner surface lined by =SiOH groups.
With the outer Al atoms being octahedrally coordinated, no notice-
able acidity is expected for sites related to such Al species [18].
Catalytic activity, if any, should be related to inner silanols: the
nanopore structure should thus be effective in promoting shape-
selective diffusion of reactants by favouring the preferential forma-
tion of small products with respect to “bulky” side products.

Besides for gas-solid reactions, imogolite is also considered for
aqueous phase reactions, since, depending on pH, the outer surface
may carry a positive net charge [19] and the inner surface a corre-
sponding negative net charge due to the protonation equilibria:

AI(OH)Al + H* = Al(OH,)" Al (1)
=Si0—H ==Si0” + H* (2)

This feature probably accounts for the formation of closely
packed bundles of several hundred tubes since bound counterions
may hold nanotubes together [19].

Being a hydrated alumino-silicate, its hydration/dehydration
behaviour is of paramount importance in dictating the operating
conditions for any application requiring a surface interaction. Upon
heating, imogolite starts losing physisorbed water below 200 °C,
whereas loss of water because of hydroxyl condensation occurs
only at about 400 °C [20], i.e. at a temperature higher than that re-
quired for proto-imogolite. As shown by previous studies on the
structure and thermal transformation of imogolite [20], dehydr-
oxylation at 500 °C is accompanied by the breakdown of the tubes
followed by condensation and formation of a lamellar alumino-sil-
icate with new surface functionalities (Scheme 4). Literature NMR
spectra indeed show that in imogolite nanotubes only tetrahedral
Si atoms and octahedral Al atoms are present. Previous studies
indicate that after structural dehydroxylation new environments
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Scheme 4.

arise for both Si and Al [20], the latter being present also as tetra-
hedral and five-coordinated aluminium.

Scheme 4 shows the structure proposed in the literature for the
lamellar phase, as obtained from cleavage and subsequent conden-
sation of nanotubes: Al may be six-coordinated (site VI in the
scheme), four-coordinated (site IV) and four- or five-coordinated
with residual hydroxyl (sites IVoy and Voy, respectively), whereas
Si tends to form Si-O-Si bonds rather than silanols.

The set of three phases related to imogolite and the availability
of the corresponding structural models have prompted us to inves-
tigate the surface functionalities of proper imogolite (IM), of the
amorphous proto-imogolite (PR-IM) phase and of the lamellar
material (L-IM) via a joint FT-IR and catalytic study. The interaction
with several probe molecules (carbon monoxide, ammonia, phenol
and methanol), showing quite different acid-base properties, was
studied, aiming at understanding the active sites accessibility
and reactivity. In this regard, the reaction between phenol and
methanol was chosen as a probe test in electrophilic aromatic sub-
stitution, in particular, to check the accessibility of acidic sites in
IM under flow conditions. Reactivity towards the same reaction
was also measured for PR-IM and L-IM. For comparison, catalytic
measurements were also carried out with alumina and silica,
which are assumed to represent the reactivity of the outer and
inner surfaces of IM, respectively.

Further details on the choice of this reaction are given below.

2. Experimental
2.1. Materials

Imogolite was synthesized according to Farmer et al. [3]: at
20 °C, TEOS (Tetra-ethoxysilane) and Al(s-butoxide); were added
to a 75 mM aqueous solution of HClIO4 in the molar ratios Si:Al:
HCIO4 = 1,x:2:1. A slight excess of TEOS was used in order to
prevent the preferential formation of aluminium hydroxide during
hydrolysis. The solution was stirred for 18 h, diluted to 20 mM in
Al, autoclaved at 100 °C for 4 days, dialyzed for 4 days against
de-ionized water and then dried at 50 °C. Reaction conditions are
rather strict, and unsuccessful syntheses lead to amorphous PR-IM.

Reference y-Al,03 catalyst was prepared by precipitation from
an aqueous solution containing the corresponding nitrate. For
instance, to obtain 10 g of y-Al,05, 73.56 g of Al(NOs)3 : 9H,0 (Car-
lo Erba Reagenti, 99% purity) was dissolved in 196 ml of distilled
water. The solution was added dropwise to another solution
containing 20.78 g of Na,CO3; (Carlo Erba Reagenti) dissolved in
196 ml of distilled water. While adding the first solution to the
second one, the pH was continuously adjusted to 10.0. The so-
obtained slurry was left under stirring for 40 min; then the precip-

itate was separated from the liquid by filtration and was washed
with 51 of distilled water at 40 °C. The solid was then dried at
110 °C overnight and was calcined at 450 °C for 8 h in air. The final
surface area of the calcined sample was 110 m? g 1.

Reference SiO, was Grace Silica Catalyst Support (GRACE Cata-
lyst and Carriers) with a surface area of 291 m? g .

2.2. Methods

XRD patterns of powder samples were collected with a X'Pert
Phillips diffractometer using Cu K, radiation in the 2.5-20° 20
range (step width = 0.02°).

Field Emission Scanning Microscopy (FESEM) pictures were
collected with a high resolution FESEM instrument (LEO 1525)
equipped with a Gemini Field Emission Column.

BET surface area and pore sizes of the powders outgassed at
150 °C were measured by means of N, adsorption/desorption at
—196 °C on a Quantacrome Autosorb 1C instrument. The Non-
Local-Density Functional Theory (NL-DFT) method was used to
evaluate pores size distribution (PSD) by applying a Nj-silica
kernel.

NMR spectra were recorded on a Bruker Avance 400 MHz spec-
trometer equipped with a 9.4 T magnet operating at a frequency of
79.3 MHz for 2°Si and of 104.3 MHz for 2’Al. Samples were packed
in 4-mm ZrO, rotors and were rotated at MAS rates of ~10 kHz.
Spectra were recorded using recycle intervals of 1s (Al) and
180s (Si). 1H decoupling (~80 kHz) was also employed, but it
resulted in little difference to the linewidths observed.

IR spectra of both KBr pellets and self-supporting wafers were
collected on a Equinox 55 spectrophotometer equipped with
MCT cryodetector. Self-supporting wafers (with a density of about
10 mg cm™2) were treated under high vacuum (residual pressure
<103 mbar) at 150, 300 and 500 °C prior to the adsorption of
probe molecules. These were (a) carbon monoxide. With the inter-
action being very weak, FT-IR measurements were carried out at
the nominal temperature of nitrogen normal boiling point (NBP);
and (b) ammonia, phenol and methanol, which were adsorbed at
room temperature.

In the following, samples are identified by the acronym of the
solid followed by the temperature (in Celsius) of the pre-treat-
ment, e.g. IM-150 stands for imogolite heated at 150 °C. Note that
IM-500 coincides with L-IM: the latter acronym will be hereafter
used to indicate the lamellar material.

2.3. Catalytic tests

Catalytic tests with PR-IM, IM-300 and L-IM were carried out by
vapourization of a methanol/phenol liquid mixture (methanol/
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phenol molar ratio 7/1; phenol was supplied by Sigma Aldrich, 99+%
purity; methanol was supplied by Carlo Erba Reagenti) in a N,
stream. The composition of the feed gas was (in molar fractions) as
follows: methanol, 0.094; phenol, 0.013; and nitrogen, 0.893. Over-
all gas residence time was 0.78 s. Total pressure was atmospheric
pressur. For catalytic tests carried out with y-Al,05 and SiO,, the
composition of the feed gas was (in molar fractions) as follows:
methanol, 0.108; phenol, 0.011; and nitrogen, 0.881. The gas/va-
pours stream was fed to a glass reactor containing 1 cm? of catalyst
shaped as 30-60 mesh particles. Catalysts weights were as follows:
PR-IM, 0.92 g; IM-300 and L-IM, 0.92 g; y-Al,03, 0.78 g; and SiO-,
0.34 g. During catalytic measurements, the reactor exit stream was
condensed in 25 ml of HPLC-grade acetone for 1 h, which was main-
tained at 6 °C. Products condensed in acetone were analyzed by gas
chromatography using a GC6000 Carlo Erba instrument equipped
with a FID and a HP-5 column. The GC oven temperature was pro-
grammed from 50 to 250 °C with a heating rate of 10 °C/min.

3. Results and discussion
3.1. Textural characterization

Fig. 1 shows the low-angle XRD patterns of fresh imogolite IM,
of IM-300 and of L-IM, along with that of PR-IM (inset). In agree-
ment with the literature, PR-IM is amorphous [18], whereas IM dif-
fraction patterns show the peaks of the hexagonal structure into
which bundles of nanotubes are organized. From the (100) reflec-
tion at 20 =4.18°, a centre-to-centre distance between two adja-
cent nanotubes was calculated to be 2.54 nm, which is in
agreement with the literature [2]. The nanotube structure is pre-
served at 300 °C (IM-300), notwithstanding a limited loss of long
range order, whereas after treatment at 500 °C, only one peak is
seen at 20 = 4.04° due to the formation of a lamellar phase [19].

Fig. 2a shows N, isotherms at —196 °C: with PR-IM, IM-150 and
IM-300, Type I isotherms are observed, typical of microporous
materials, with small hysteresis loops due to limited external mes-
oporosity, most probably deriving from slit mesopores among bun-
dles (Scheme 3).

With L-IM, a more pronounced hysteresis loop is observed,
accompanied by a loss of specific surface area (SSA), due to struc-
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ture collapse. As reported in Table 1, PR-IM has the lowest BET SSA
(178 m? g~ 1), which then increases when passing from IM-150
(213 m? g ') to IM-300 (362 m? g !). The smaller BET SSA of IM-
150 with respect to IM-300 indicates that the pores of the former
sample are still partially filled with water and therefore are not
accessible to Nj. This conclusion is confirmed by the corresponding
Pores Size Distributions (Fig. 2b) determined from the adsorption
branches of isotherms shown in Fig. 2a: with IM-300, a definite
peak is observed corresponding to micropores with 0.98 nm diam-
eter, in fair agreement with structural data. IM-150, instead, only
shows heterogeneous pores with a diameter >1.5 nm: the treat-
ment at 300 °C allows access to imogolite nanovoids, still preserv-
ing the nanotube structure, probably as a consequence of water
removal from micropores with 0.98 nm diameter. This conclusion
is supported by the fact that both total and microporous volumes
increase from IM-150 to IM-300 (Table 1).

Larger pores are instead due to heterogeneous inter-bundles
voids in the fibrous network shown by the FESEM picture in
Fig. 3. PR-IM appears instead as hollow spheres, as reported in
the inset at a lower magnification.

Fig. 4a shows the 2°Si-MAS NMR spectrum of fresh IM, which
shows an intense resonance peak at §=—79 ppm: this highly
shielded shift is characteristic of the imogolite structure and is
assigned to isolated Si tetrahedron centres (Qg sites) sharing three
oxygen atoms with octahedral Al atoms [20,21]. The spectrum also
shows a minor shoulder at 6= -86 ppm, probably due to the
limited occurrence of an amorphous phase, since it was previously
observed in unheated natural allophane and synthetic alumino-
silicate gels [20,21].

The 27Al NMR spectrum of fresh IM (Fig. 4b) presents a main
peak at 6 = 5.5 ppm close to that of gibbsite (5 = 7.8 ppm), indicat-
ing the presence of octahedral aluminium atoms [22]. This spec-
trum also exhibits a very small peak at about 60 ppm (inset),
which is due to a minor amount of four-coordinated aluminium
atoms, along with a small contribution from the second spin-
ning-sideband of the major peak. In agreement with the literature
[20,21], the 2’Al NMR spectrum of fresh IM predominantly indi-
cated octahedral Al, and the small amount of tetrahedral Al [21]
most probably belongs to an amorphous phase rather than to
nanotubes.
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Fig. 1. Low-angle (20 = 2.5-20°) powder XRD patterns of fresh imogolite (IM-r.t.), IM-300 and L-IM. Inset to the figure: powder XRD patterns of proto-imogolite (PR-IM).



B. Bonelli et al./Journal of Catalysis 264 (2009) 15-30 19

200

o ] IM-300
[s2) D'Jj‘
|
§ 150 - e
= P IM-150
5 ) ﬂ/‘ /O%OOC’
S 100 e ot
E o .
> oS R LM
P e S
3 T i
£ =
2 50 K N8 DN DD DO A D
2 PR-IM
0 ) T ) T T T T :
0.0 0.2 0.4 0.6 0.8 10
p/p,
0.014

0.012

0.010

0.008

0.006

V(w) (cm’ A" g")

0.004

Pore width (nm)

Fig. 2. (a) N, adsorption/desorption isotherms at —196 °C on PR-IM (triangles); IM-150 (circles); IM-300 (squares) and L-IM (stars). Full symbols: adsorption branch; white
symbols: desorption branch. (b) NL-DFT Pore Size Distributions (PSD) obtained from absorption branches of the corresponding isotherms: IM-150 (full circles); IM-300 (white

squares); L-IM (white stars) and PR-IM (full triangles).

Table 1

Textural features of imogolite and proto-imogolite as derived from combined XRD patterns and N, isotherms at —196 °C.

Sample BET SSA (m? g ') Total pore vol. (cm® g~) Micropores vol. (cm? g~')? Inner diameter (nm)® Outer diameter (nm)*
IM-150 213 0.20 0.01 - -

IM-300 362 0.26 0.04 0.98 2.44

L-IM 197 0.16 0.02 - -

PR-IM 178 0.09 0.03 - -

¢ As evaluated by applying the o-s method.

b As evaluated by applying the NL-DFT method to the adsorption branch of the isotherm.

¢ As evaluated by the d(;00) reflection of the XRD spectrum.

3.2. FT-IR spectroscopic characterization of bare samples

Fig. 5 shows the IR spectra of an IM self-supporting wafer out-
gassed at r.t., 150 and 300 °C, and of L-IM. In the hydroxyls stretch
region (3800-3000 cm™!), spectra are dominated by intense struc-
ture-less absorption due to H-bonded species. Besides adsorbed
molecular water, IM nanotubes present surface hydroxyls, both

external and internal: the former may interact, besides with water
molecules, also with neighbouring nanotubes. As a whole, individ-
ual contributions cannot be singled out, nor it is even possible to
discriminate between inner silanols and outer aluminols. At lower
wave numbers, bands at 1595 and 1465 cm™! are seen, assigned to
carbonate-like species on the outer surface, like those formed on
aluminium hydroxide [18]. The dotted vertical line at 1650 cm™!
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Fig. 3. FESEM (Field Emission Scanning Electron Microscopy) picture of fresh IM.
Inset to the figure: SEM picture of PR-IM taken at lower magnification.
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Fig. 4. Solid-state 2°Si-MAS NMR (section a) and 2’Al-MAS NMR (section b) spectra
of fresh IM.

indicates the band due to the bending mode of water, removed at
300 °C. At this temperature, nanotubes are still stable (Fig. 1) and
inner pores with 0.98 nm diameter become accessible (Fig. 2b).

It may be concluded that water present at both the external and
internal surfaces is removed at 300 °C, rendering inner =SiOH
groups accessible to probes.
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Fig. 5. IR spectra of imogolite outgassed for 1 h at r.t. (IM-r.t.); 150 °C (IM-150);
300 °C (IM-300) and 500 °C (L-IM).
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Fig. 6. CO stretch range (2250-2050 cm™') of difference IR spectra obtained after
dosing CO (equilibrium pressures: 0.5-15 mbar) on PR-IM outgassed at 300 °C.

With L-IM, the hydroxyl spectrum dramatically changes: sev-
eral components are seen at 3743, 3734 and 3646 cm™!, with a
broad signal at lower frequencies due to H-bonded hydroxyls.
The reference structure is the literature model represented in
Scheme 4 describing a new lamellar alumino-silicate with high
Al content (Al/Si=2). However, the richness and complexity of
hydroxyl species observed in Fig. 5 seem to indicate that other
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processes are taking place may be with segregation of an alumina-
like phase and formation of new OH species.

3.3. FT-IR spectroscopic characterization of acidic species: adsorption
of CO and NH3

To study both accessibility and acidity of OH species, CO has
been dosed on all the materials at the nominal NBP of N,: in the
presence of free-silanols, a band at 2156 cm™! is expected, which
is characteristic of the stretching mode of CO interacting with
=SiOH [23].

Fig. 6 shows the spectra in the 2250-2050 cm~! range recorded
after CO dosage on PR-IM outgassed at 300 °C: at low CO pressures,
the main band shows two components (dotted lines) at 2166 and
2157 cm™}, the latter becoming prominent at higher pressures.
As reported previously, proto-imogolite is the result of failed syn-
thesis and forms when nanotubes do not close up (Scheme 2): the
two components observed in the IR spectra at 2157 and 2166 cm ™!
are assigned to CO adsorbed on silanols and on more acidic hydrox-
yls, respectively, as depicted in the scheme. The poor transparency
of the sample in the OH stretch region did not allow to obtain
reliable IR spectra in that region. However, according to the linear
correlation reported in the literature [24] between the shift of
perturbed hydroxyls, Av(OH), and the vCO of carbon monoxide
adsorbed onto OH at the surface of several zeolites and silico-
aluminas, a band at 2166 cm™! should correspond to hydroxyls
undergoing a shift Av(OH) of ca. 200 cm™!, i.e. OH species on the
one hand being more acidic than silanols, and on the other hand,
being less acidic than bridged OH groups in zeolites. The weak
band at 2190 cm ! is assigned to CO adsorbed on the small amount
of weak AI** Lewis acidic sites [25].

Fig. 7 compares the relevant spectra in the 2250-2050 cm™
range obtained with IM-150 and IM-300 after subtraction of bare
samples spectra shown in Fig. 5.

With IM-150 (lower part of Fig. 7), only one band is observed at
2148 cm™!: the limited shift with respect to the free molecule in

1

1.0

2157

Absorbance

2250 2200 2150 2100 2050
Wavenumbers (cm™)
Fig. 7. CO stretch range (2250-2050 cm™') of difference IR spectra, obtained after

dosing CO (equilibrium pressures: 0.5-15 mbar) on IM-150 (lower part of the
figure) and IM-300 (upper part of the figure).

gas phase (2143 cm™ ') indicates a weak interaction of electrostatic
nature. The observed wave number (2148 cm™') is close to that
reported in the literature for CO/H,O dimeric complexes (2144-
2149 cm™!) formed after CO adsorption on ice: this suggests a
weak interaction of CO with water molecules, probably at the outer
surface [26].

With IM-300 (upper part of Fig. 6), the expected band at
2157 cm~! due to CO on inner silanols is observed [23] together
with a minor band at ca. 2190 cm™! probably due to CO adsorbed
on weak AI** Lewis sites at the outer surface [25]. Finally, the
shoulder at 2131 cm™! (asterisk), more clearly seen at higher equi-
librium pressures, is ascribed to SiOH---OC complexes previously
observed on silica [27].

Fig. 8 shows the difference spectra recorded under comparable
CO pressures on L-IM: as a whole, bands are less intense, indicating
that fewer sites are accessible to this probe. In the CO stretching
range (Fig. 8a), a weak band is seen at 2203 cm™!, shifting with
coverage to 2188 cm™!, together with a main band at 2170 cm™,
shifting to 2166 cm~'. Both bands are reversible upon evacuation
at low temperature: the former is assigned to CO adsorbed onto
coordinatively unsaturated AI**, like those at the surface of transi-
tion aluminas [18], the latter to CO interacting with hydroxyls
more acidic than silanols: interestingly, no band was observed at
2157 cm™}, corresponding to CO adsorbed on accessible silanols,
in fair agreement with the model shown in Scheme 4 [20].

Fig. 8b shows the OH stretch region (3800-3000 cm™') of the
spectra represented as bold curves in Fig. 8a. Difference spectra
are reported, so that negative bands correspond to hydroxyls inter-
acting with CO and broad positive absorption corresponds to H-
bond formation. Note that the sharp positive peak at 3750 cm™!
is due to changes in the temperature of the sample as a function
of the CO pressures, affecting the location of the SiO-H stretch,
often observed during the experiments run at the NLP of N,.

The negative band of hydroxyls interacting with CO is rather
broad, indicating heterogeneity of sites: at least three components
may be figured out at 3743, 3725 and 3660 cm™! that are shifted
downward by 233, 245 and 210 cm™!, respectively, in agreement
with the literature [24] reporting a Av(OH) of 200-240 cm™! for
a vCO of 2166-2170 cm™.

The observed shifts are too large to be due to SiOH or AIOH spe-
cies since silanols suffer with CO a shift of about 100 cm™! [23],
whereas hydroxyls at the surface of transition aluminas suffer a
hypsochromic shift by 70-95 cm~' [18,24], and have to be ascribed
to more acidic Brensted-like sites.

In order to understand their nature, reference may be made to
previous work on zeolites or amorphous alumino-silicates. With
various zeolites suffering dealumination, a band at 3670 cm ™!
was sometimes assigned to hydroxyls less acidic than proper
Breonsted zeolitic sites (undergoing a downward shift by about
200cm™ '), still partially anchored to the zeolite framework
[24,28-32]; in Al-rich micelle-templated silicates with composi-
tion similar to that of L-IM (Al/Si = 0.4), hydroxyls at 3660 cm™!
shifting with CO by ca. 220 cm~! were ascribed to buried Si-O-
Al(OH)-0-Si species [25]; on amorphous alumino-silicates with
Al/Si in the 1.0-2.0 range, hydroxyls absorbing at 3748 cm~! were
observed to shift by ca. 230 cm™!, the corresponding CO stretch
mode being at 2169 cm~! [33].

The model of dehydroxylated imogolite proposed by MacKenzie
[20], shown in Scheme 4, shows that the lamellar structure has
basically five-coordinated Al, together with a few four- and six-
coordinated sites and some residual hydroxyl groups, which
should be responsible for the acidic behaviour of this material
and for bands observed in the OH stretch range.

Two hypotheses can be advanced, none fully convincing. On the
one hand, we may accept Scheme 4 as really depicting the system.
Because in the present case the parent material (IM) is not a zeolite
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and should probably not follow the Loewenstein rule, the high Al
content could allow the formation of new OH bridged between
two Al atoms, as those shown in Scheme 4. On the other hand, if
Scheme 4 is accepted as only partially describing the actual system,
one could imagine that the large Al content might lead to a process
similar to dealumination with structural consequences that are not
readily describable.

Although the issue of the acidity of L-IM cannot be satisfactorily
understood, as a whole, a set of Brgnsted sites of increased acidity
is formed with respect to those present at the surface of IM, a fea-
ture that renders L-IM probably interesting as an acidic catalyst.

After ammonia dosage on PR-IM outgassed at 300 °C (sample
PR-IM-300, Fig. 9a), bands are seen at 1625, 1450 and
1300 cm™': the two bands at 1625 and 1300 cm™' are, respec-
tively, ascribed to the anti-symmetric and symmetric bending
modes of ammonia sitting on AI** Lewis sites [34], whereas that
at 1450 cm™' is due to ammonium species formed on Brensted
acidic sites, such as those occurring upon ammonia adsorption

on Brensted sites inside zeolites microcavities [35]. Interaction
with ammonia is only reversible at 300 °C, indicating the presence
of medium-strength acidic sites. Besides, at higher equilibrium
pressures, ammonia also interacts via H-bonding with silanols, giv-
ing rise to the broad band at ca. 3000 cm . The hydroxyls involved
in NH; formation are those visible as a negative broad band in the
region 3770-3630 cm ™.

Upon NH3 dosage on IM-150, bands are seen at 1625, 1450 and
1300 cm~! (Fig. 9b). The 1625 and 1300 cm~! bands are due to NH;
molecules coordinated to outer AI** Lewis sites; the 1450 cm™!
band is due to NH; species. Correspondingly, in the OH stretch re-
gion, a sharp band decreases at 3750 cm™', and a broad absorption
increases at about 2935 cm™'. The limited width of the 3750 cm™!
is probably evidence that silanols are not interacting with one an-
other, even on the densely populated inner surface. At higher cov-
erage, the mode of H-bonded hydroxyls is at a lower frequency
than those shown in Fig. 9a and Fig. 9c. This is probably evidence
that ammonia interacts, besides the silanols, with water molecules
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still present in the IM-150 sample, and not on the more dehydrated
PR-IM-300 and IM-300. Similar considerations apply to the ammo-
nium species (band at 1450 cm™1).

Besides these features, spectra are complicated by the Fermi
resonance (Evans window at about 2930 cm™!) with the overtone
of the NH; mode at 1450 cm~' and combination bands at about
2380 and 1850 cm ™! [35].

Interaction with ammonia is only reversible after outgassing at
500 °C, i.e. at a higher temperature than that required for proto-
imogolite: this is probably ascribable to difficult diffusion of
ammonia inside the nanotubes, still partially filled with water.

Similar spectral features are observed after NH3 dosage on IM-
300 (Fig. 9¢). The negative band of silanols interacting with ammo-
nia is broader probably because after water removal at 300 °C all
silanols are accessible to NH3 and some heterogeneity may arise,
e.g. between those inside the nanotubes and silanols at the
opening.

With L-IM (Fig. 9d), adsorption of NH3 reveals the presence of
both Lewis and Brensted sites, and a component at 3660 cm™!

(asterisk) is clearly seen, in agreement with CO adsorption, con-
firming the presence of more acidic OH species.

3.4. FT-IR characterization of hydroxyls accessibility to reactants of
catalytic tests: adsorption of phenol and methanol at room
temperature

Further FT-IR measurements were performed basically on IM-
300, the sample showing both accessible silanols and nanotube
structure.

Fig. 10a shows the difference spectra obtained by increasing
methanol equilibrium pressure (0.05-5 mbar): 2963 and
2844 cm~! bands are due to the vy(CHs) and 254(CHs) modes,
respectively: in the lower wave numbers range, the §(CHs) bending
modes are seen. The negative band in the OH stretch range is due
to silanols interacting with the OH group of methanol. As with
ammonia, interaction with methanol is reversible above 300 °C.

Fig. 10b shows the difference spectra collected after
dosing 0.05-2.5 mbar of phenol: in the OH stretch range
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Fig. 9 (continued).

(3800-2800 cm™!), the negative band of hydroxyls interacting
with phenol is very weak, indicating that few silanols are accessi-
ble to this probe in the adopted experimental conditions, i.e. at
room temperature in static operation. It must be noted that the
minimum Van de Waals diameter of phenol is 0.57 nm, i.e. about
one-half of nanotubes inner diameter. Due to H-bond with phenol,
the silanols stretching mode is shifted by ca. —400cm™, as ob-
served when dosing phenol on an amorphous silica used for com-
parison (spectra not shown).

Interaction with phenol is reversed after outgassing for 1 h at
300 °C, indicating a strong interaction, most probably with adsorb-
ing sites at the outer surface.

In order to understand the nature of adsorbed phenol, Fig. 10c
compares the spectra of phenol in the C=C ring stretch range
adsorbed on a KBr disk (curve 1), amorphous silica (curve 2),
IM-300 (curve 3), PR-IM-300 (curve 4) and L-IM (curve 5).

Phenol adsorbed on silica (curve 2) shows (i) a band at
1598 cm ! with a shoulder at 1605 cm™', assigned to the modes

8b and 8a of the aromatic ring; (ii) two bands at 1499 and
1472 cm~! due to the modes 19a and 19b and (iii) a broad envelop
of bands below 1400 cm™!, assigned to the in plane C-O-H bend-
ing vibration [36].

Interestingly, after adsorption of phenol on IM-300 (curve 3),
a new component is seen at 1492 cm~!, and the in plane C-O-
H bending vibration bands become less intense. This may indi-
cate that phenol is interacting not only with inner silanols, but
also with other species located at the outer surface of
nanotubes.

With L-IM (curve 5), the component at 1605 cm ™! and the C-0-
H bending vibration are absent, and the band at 1492 cm™! is as
intense as that at 1499 cm'. These features, previously observed
after phenol adsorption on alumina and Na-X zeolite, were as-
cribed to phenol de-protonation with the formation of surface phe-
nolate species [36,37]. This is evidence that L-IM has a basic-type
behaviour since it strips the phenolic proton of the -OH group.
The broad band seen with IM-300 and L-IM around 1640 cm™!
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can be due to the formation of water by the reaction of basic sur-
face hydroxyls with phenolic proton.

The shoulder observed at 1492 cm™! after adsorption of phenol
on silica (curve 2) most probably has a different origin, as it could
be due to the reaction of phenol with some strained (more reac-
tive) Si—0-Si bridges, usually present at the surface of dehydrated
silicas [38], with the formation of Si-O-CsHg and SiOH species.

As to silanols acidity and accessibility, results reported in this
work show that silanols behave as free silanols, in that the ob-
served shift with ammonia, methanol and phenol is the same as
on silica and the CO stretch band is at 2157 cm™!, but their abun-
dance at the inner surface of nanotubes enhances the strength of
interaction between the surface and the adsorbed molecules, thus
hindering their diffusion inside nanotubes.

Multiple interactions of silanols with molecules such as water,
ammonia, methanol and phenol could explain unexpected phe-
nomena such as (i) the high temperature of water removal
(300 °C) and (ii) the formation of irreversible ammonium species
by interaction of ammonia with relatively weak Brensted acids as
silanols.

At the same time, in contrast to the high pliability of Si-O-Si
bonds in amorphous silicas [8], the structural stiffness of imogolite
nanotubes does not allow silanols condensation without structural
collapse, so rendering imogolite more similar to crystalline silica-
based materials, e.g. silicalite.

3.5. Catalytic results of gas-phase phenol methylation with methanol

This reaction was chosen as a test reaction because of the fol-
lowing reasons:

1. Adsorption tests showed that both molecules, phenol and
methanol, may interact with the silanols in imogolite. The acid-
ity of these sites, although very weak, is strong enough to acti-
vate these molecules. However, indications were derived that
the access of molecules to these moieties might be hindered.
The two reactants possess very different molecular size, and
are supposed to have quite different diffusivity properties.
Therefore, they can be used to discriminate the access to exter-
nal AI(OH)AI and internal Si-OH sites in imogolite.
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2. The gas-phase alkylation of phenol is a facile reaction that may
occur on either acidic or basic sites, even with sites having weak
strength [39,40]. Moreover, the nature of the products formed is
affected by the strength of the active sites; in general, weaker
sites lead to the preferred formation of O-alkylation products
(anisole), whereas stronger sites lead preferentially to C-alkyl-
ation with the production of cresols and polyalkylated phenols.
Therefore, this reaction can be used as a tool for the character-
ization of active sites reactivity.

3. Methanol itself may undergo side reactions with formation of
dimethylether first, and then of aliphatic and aromatic hydro-
carbons, which are precursors of coke [41]. The latter reactions
are catalyzed by strong acidic sites, and therefore they should

not occur with weak acidic sites. Therefore, transformations
occurring on methanol may also provide information on the
active site accessibility under gas-flowing conditions.

3.5.1. The reactivity of PR-IM

Fig. 11 shows the effect of the reaction temperature on the
catalytic performance of PR-IM. The material showed a relevant
catalytic activity, giving 27% phenol conversion at 300 °C. At this
temperature, the main products were o-cresol, polyalkylated phe-
nols and anisole; p-cresol and polyalkylated anisoles formed in
lower amount.

The distribution of products at 300 °C was similar to that typi-
cally observed with H-mordenites and H-p zeolites [42]. However,
when the reaction temperature was increased, deactivation took
place with a remarkable decline of phenol conversion. At the same
time, the selectivity to polyalkylated phenols decreased, and that
to o- and p-cresol increased due to the decreased contribution of
consecutive reactions. The deactivation behaviour was also quite
similar to that observed for zeolites due to the accumulation of
coke formed by the hardening of aliphatic and aromatic hydro-
carbons originated by methanol transformation [43,44].

The deactivation of PR-IM was confirmed by measurements
made on the fresh catalyst, which was recorded as a function of
the reaction time (Fig. 12). The progressive decrease of phenol
conversion led to an increase of selectivity to o-cresol and to a
decrease of that to polyalkylated phenols. Surprisingly, the selec-
tivity to anisole was not affected by the change of phenol conver-
sion, and that to p-cresol decreased and became nil after 2 h
reaction time. This means that the formation of polyalkylated aro-
matics occurred by transformation of o-cresol, whereas the para
isomer did not undergo consecutive reactions. The spent catalyst
was fully coked, confirming the acidic properties of this material.

These tests demonstrate that the amorphous material, precur-
sor of imogolite formation, has medium-strength acid sites that
are fully accessible to both phenol and methanol, in agreement
with characterization tests done by adsorption of probe molecules.

3.5.2. The reactivity of IM-300 and L-IM
Reactivity tests were carried out with the imogolite after ther-
mal treatment at 300 °C (IM-300) and at 500 °C (L-IM, Fig. 13).

100

Selectivity, %

30

Phenol conversion, %

0 I I

300 330 360
Temperature, °C

390 420 450

Fig. 11. Effect of temperature on catalytic performance of PR-IM. Symbols: phenol conversion (A), selectivity to o-cresol (<{>), selectivity to anisole (A), selectivity to p-cresol

(@), selectivity to 2,6-xylenol (O) and selectivity to other polyalkylated aromatics (OJ).
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Sample IM-300 was inactive at 300 °C; in fact, the phenol conver-
sion was 0.03%, which was remarkably lower than that obtained
with the PR-IM; the two only compounds detected were o-cresol
and anisole, each one with a selectivity of approximately 50%. On
the other hand, the conversion of methanol was approximately
20%, the products formed being dimethylether (with the co-prod-
uct water) and 2,2-dimethoxypropane. The latter compound is
the ketal formed by the acid-catalyzed reaction between acetone
and methanol, the ketone likely being formed by dehydrogenation
(via H-transfer) of isopropanol. The latter is the product of the acid-
catalyzed hydration of propylene, the olefin typically being ob-
tained by transformation of methanol over strongly acid sites.
Therefore, the acidity offered by the IM-300 sample is strong en-
ough to catalyze transformations of methanol. On the other hand,
phenol cannot access the active sites, and does not react with
methanol at all. This is also confirmed by IR spectra shown in

Fig. 10, which showed that phenol interacts with few silanols
and is adsorbed at the outer surface as phenolate species.

The spent IM-300 sample contained a minor amount of coke,
which was much less than that accumulated on the PR-IM sample.
Since the formation of coke is unlikely to occur inside the nano-
tubes of imogolite, this indicates that methanol reacted with both
silanols inside the imogolite nanotubes, yielding lighter com-
pounds (i.e. dimethylether and 2,2-dimethoxypropane), and also
with the external Al(OH)AI sites, giving rise to the formation of
heavier compounds and finally to coke.

Fig. 13 shows the behaviour of L-IM. This sample was much
more active than IM-300; in fact, the conversion at 300 °C was
low (~3%), but nevertheless was two orders of magnitude higher
than that of IM-300. Moreover, there are two relevant differences
with respect to the performance of PR-IM (Figs. 11 and 12): (a)
there was no evident deactivation phenomenon, which was
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instead the case with PR-IM and (b) the distributions of products of
the two materials were quite different. In fact, with L-IM the main
product was o-cresol, showing a selectivity close to 80% regardless
of temperature and conversion. At 450 °C, the selectivity to anisole
was 10% and that to p-cresol was 4%, the only polyalkylated
compound being 2,6-xylenol, formed with selectivity of 3%. With
PR-IM, at the same temperature and for a similar value of phenol
conversion, the selectivity to 2,6-xylenol was 8%, that to other
polyalkylated phenols was 10% and that to p-cresol was 13%. This
difference indicates that the type and strength of the active sites
in the two materials were different.

3.5.3. The reactivity of reference materials: alumina and silica

In order to better understand the differences experimentally
observed, we carried out reactivity tests with alumina (Fig. 14)
and with silica (Fig. 15). Alumina was very active, showing 60%
phenol conversion at 250 °C; a partial deactivation was responsible
for the observed decrease of conversion at 390 °C. At low temper-

ature, the prevailing product was anisole, the selectivity of which
however decreased rapidly in favour of the formation of polyalky-
lated phenols, amongst which the prevailing one was 2,6-xylenol.
This behaviour indicates the different activation energy between
O-alkylation, leading to anisole, and C-alkylation, the latter being
preferred at high temperature [45]. The prevalent mono-alkylated
compound was o-cresol, p-cresol formed only in a trace amount.
This behaviour also indicates the amphoteric behaviour of alumina
in this reaction; the AI(OH)AI surface groups have an acidic behav-
iour towards methanol, which is activated with the formation of an
electrophilic species. On the other hand, the surface has a basic
behaviour to phenol, which adsorbs and generates a phenolate spe-
cies, the protons being abstracted by the nucleophilic Al-O-Al oxy-
gen [46-48]. Because of the repulsion between the aromatic ring
and the surface, the phenolate adopts an orthogonal orientation;
this adsorption mode favours the attack at the ortho position in
phenol, and finally leads to the formation of o-cresol and 2,6-
xylenol.
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On silica, the conversion of phenol was very low because of the
low acidity of surface silanols [23]; the low acidity is also the rea-
son for the absence of any deactivation phenomenon. The only
product at low temperature was anisole. The increase of tempera-
ture led to the preferred formation of o-cresol, with a negligible
formation of p-cresol. Despite the very low conversion, the selec-
tivity to 2,6-xylenol was higher than 10%.

Apart from the very different activity, the behaviour of the two
reference materials was not much different; both yielded anisole in
prevalence at low temperature, regardless of the conversion
achieved, and both gave C-alkylation products at high temperature.
The latter was either o-cresol, when the conversion achieved was
low (i.e. on silica), or 2,6-xylenol and other polyalkylated aromat-
ics, when the conversion was high (i.e. on alumina).

3.5.4. Comparison of catalytic materials

The distribution of products obtained in the gas-phase methyl-
ation of phenol over PR-IM is similar to that observed with refer-
ence compounds alumina and silica. The relevant deactivation
phenomena confirm the existence of surface acidic sites having
medium strength, as also evidenced by FT-IR characterization.
One difference with respect to alumina and silica concerns the
selectivity to p-cresol; the latter was 10-15% with PR-IM, whereas
it was negligible with both reference compounds. The regio-selec-
tivity in the ring-alkylation of phenol with methanol is regulated
by the charge density of the O atom in the oxidic catalyst, the latter
being lower with silico-aluminates and greater with ionic oxides
typically showing a basic behaviour [49-53]. In general, highly
nucleophilic O atoms not only generate the phenolate species,
but also force the latter to adopt an orthogonal orientation with re-
spect to the surface, finally leading to high regio-selective C-alkyl-
ation and to the preferred formation of o-cresol. Therefore, in total
the PR-IM catalytic behaviour is more similar to that of a zeolite
[39] than to that of alumina.

The behaviour of L-IM (Fig. 12) is different from those of both
silica and alumina, and that of PR-IM. In fact, with L-IM the main
product of reaction was o-cresol, at both low and high tempera-
tures. Anisole formed with low selectivity at 300 °C; selectivity
then increased when the reaction temperature was increased
(10% at 450 °C), a behaviour opposite to that usually found with
Brognsted acid-type materials.

In some aspects, the behaviour of L-IM is similar to that ob-
served with basic materials [40], showing high chemo- (C-alkyl-
ation largely preferred over O-methylation) and regio- (ortho-C-
alkylation largely preferred over para-C-alkylation) selectivity in
the gas-phase phenol alkylation with methanol. This behaviour
agrees with the experimental finding that L-IM gives the strongest
interaction with phenol and generates phenolate species (Fig. 10).
The high nucleophilicity of the O atom explains the regio-selectiv-
ity experimentally observed. On the other hand, the presence of
medium-strength acidic sites is responsible for the small, but
non-negligible formation of anisole. Therefore, L-IM appears to
have amphoteric behaviour, resulting from the combined reactivity
of the acidic and basic sites present on its surface. Strongly nucleo-
philic 0%~ ions are generated by the high-temperature dehydration
of imogolite, leading to strained Al-O-Al(Si) bonds that easily open
by abstraction of the acidic phenolic proton and coordination of the
phenolate to the AI** cation. The same occurs in strongly dehy-
drated alumina, where the nucleophilicity of the 0%~ is responsible
for the “basic” behaviour of the solid towards phenol [46-48].

Another peculiarity of the L-IM material is the absence of rele-
vant deactivation phenomena, as confirmed by the relatively low
amount of coke accumulated on the catalyst. This behaviour is also
typically observed with basic catalysts [39,40]; a contribution,
however, deriving from the lamellar-type morphology of the sam-
ple, which may favour the counter-diffusion of products limiting

the generation of the hydrocarbon-pool precursor of coke forma-
tion, cannot be excluded.

4. Conclusions

PR-IM has a markedly acidic character, leading to a catalytic
behaviour very similar to that of zeolitic-type materials, as it con-
cerns both the distribution of the reaction products and the pres-
ence of deactivation phenomena. Besides the overall lower
surface area, the hollow spheres morphology of proto-imogolite
allows methanol and phenol molecules to access active sites, both
at the inner and outer surfaces of the particles.

With IM, several factors must be accounted for: first of all, be-
low 300 °C, nanotubes are partially filled with water, and therefore,
besides few inner silanols interacting with NHs, only Al(OH)AI
groups and few AI** Lewis sites at the outer surface may be ac-
cessed by probes.

At 300 °C, water is definitely removed and the inner surface,
covered by silanols, becomes actually accessible to bases with dif-
ferent strength, CO and NHs, and to bigger molecules, i.e. methanol
and phenol. Due to its bulky structure, however, phenol access to
silanols is limited by geometric/diffusional constraints, leading to
a non-negligible conversion of methanol, but to a quite negligible
degree of phenol conversion. As to surface hydroxyls acidity, inter-
action with NHj3 is strong, probably due to multiple interactions of
ammonia with more than one silanol since the inner surface is
lined by SiOH groups, and to difficult diffusion across micrometre
long nanotubes. However, the hypothesis that the unusual acidic
behaviour of silanols may derive from a peculiar structural feature
of the solid cannot be completely ruled out and deserves further
studies.

Finally, L-IM develops both medium-strength acidic and basic
surface features, which result into an “amphoteric” catalytic
behaviour. FT-IR spectroscopy showed, on the one hand, the pres-
ence of acidic Bransted-like sites, similar to hydroxyls in high Al-
content alumina-silicates and mildly acidic zeolites: on the other
hand, the presence of basic sites is shown by the formation of phe-
nolate species upon phenol adsorption. Basic properties, indeed,
lead to phenol de-protonation and to the preferred formation of
o-cresol, with negligible formation of p-cresol, as usually observed
with basic-type solids.
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