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Characterisation of acid-treated bentonite.
Reactivity, FTIR study and 27Al MAS NMR
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Acid-treated bentonite shows a catalytic activity towards decomposition of isopropanol due to overall acidity whereas the selectivity
accounts for the nature of its acid sites. The examination of the IR spectra using different basic probes such as 2,6-dimethylpyridine,
pyridine and CD3CN shows the presence of various types of acid sites. The Lewis acid sites, considered to be the most abundant, are
well characterised by pyridine and CD3CN adsorption. In contrast, lutidine adsorption reveals both the existence of Brønsted acid sites
and the presence of hydroxyl groups characteristic of beidellite. The potential site created by Al in tetrahedral layers is confirmed by
using 27Al MAS NMR.
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1. Introduction

One of the techniques used leading to a high surface area
and porosity of bentonite (montmorillonite) is acid activa-
tion. Inevitably as Al3+ and other metal ions are leached,
the cation exchange capacity and overall acidity of clays
drop [1–3]. This work aims to characterising the residual
acidity of an acid-treated bentonite.

Bentonite and acid-treated montmorillonite have been
used as acidic heterogeneous catalysts [1,4] and catalyst
supports [1]. Recently, the preparation of ethyl ether by
dehydration of ethanol has been reported using an acid-
treated bentonite [5].

Moreover, using a quick test for acidity evaluation [6,7],
it has been found that a commercial acid-treated bentonite
exhibits high activity in isopropanol decomposition in mod-
erate conditions producing isopropyl ether and/or propene.

It is, therefore, interesting to determine the nature of
acid sites of the acid-treated bentonite by adsorption of ba-
sic probes using infrared spectroscopy and solid-state 27Al
MAS NMR as the non-destructive characterisation of Al
sites in clays [8,9].

2. Experimental

The experiments were carried out on a “commercially”
acid-treated bentonite (industrially prepared in Algeria un-
der the name of acid-activated bentonite). The starting ma-
terial is a natural bentonite treated industrially by using an
acid attack (H2SO4) at 100 ◦C for 12 h. The activation
process is followed by washing, filtration, drying, crushing
and conditioning.
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Chemical composition: silica, alumina and other ele-
ments were analysed by X-ray fluorescence. BET surface
was measured by nitrogen adsorption (77 K) using a Mi-
cromeritics ASAP 2000 sorptiometer. XRD was performed
on powder using Cu Kα radiation (automatic diffractometer
APD 1700). The 27Al MAS NMR spectra were recorded
on a Bruker spectrometer at 104 MHz frequency.

The acidity evaluation was performed on the base of
propan-2-ol transformation under helium atmosphere in a
quartz microflow reactor at atmospheric pressure. The
sample (160 mg) was activated at 623 K under helium
flow (20 ml/min) for 2 h, then cooled down to 333 K.
A propan-2-ol flow (Pe = 1.2 Torr) diluted in helium was
then introduced. The reaction was studied in the tempera-
ture range 333–393 K. The products formed were analysed
on-line by gas chromatography equipped with a FID detec-
tor.

The acidity of commercial acid-treated bentonite was
probed by pyridine, 2,6-dimethylpyridine and CD3CN.
Samples (15 mg) were pressed into disks placed in the
IR cell, then activated in situ by heating under vacuum at
723 K for 2 h. After cooling to room temperature, they
were evacuated by increasing temperature. The spectra
were recorded with a Nicolet 60 SX FTIR spectrometer
with accumulation of 256 scans at 4 cm−1 resolution.

3. Results

The cation exchange capacity (CEC) was determined by
using adsorption of methylene blue [10] and calcium ex-
change methods [11]; the elemental analysis and the BET
surface area of the commercial sample are given in table 1.

The XRD pattern of the acid-treated bentonite shows a
basal spacing of 15.04 Å. The peak positions observed in
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the range 2θ 3–40◦ are characteristic of montmorillonite
and beidellite in comparison with the values reported for
ideal montmorillonite and beidellite in the literature. This
means that the sample used presents a character of beidel-
lite markedly near that of montmorillonite, which latter is
preserved despite the acid treatment.

The catalytic activity of the bentonite sample towards
propan-2-ol decomposition is shown (figure 1) in different
stationary conditions.

The propan-2-ol conversion occurs at 333 K, leading to
both propene and isopropyl ether. When the temperature
reaches 353 K, only propene is formed, the maximum ac-
tivity is observed at 393 K.

The infrared study has been undertaken to provide some
information for the interpretation of the residual acidity of
acid-treated bentonite.

Figure 2(a) shows the spectrum of the acid-treated ben-
tonite activated by heating under vacuum at 723 K; it

Figure 1. Propan-2-ol transformation under helium on acid-treated ben-
tonite activated at 623 K: TR = 333–393 K, Qv = 20 ml/mn, W/F =

1.77 kg mol−1 h−1.

Table 1
Chemical composition (%), cation exchange capacity and BET surface area of acid-

treated bentonite.

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 K2O Na2O Loss on CEC BET
ignition (meq/100 g) (m2/g)

69.39 14.14 1.16 0.30 1.07 0.16 0.79 0.5 11 56a/50b 169

a Calcium exchange method.
b Adsorption of methylene blue.

Figure 2. Adsorption of pyridine on acid-treated bentonite activated under vacuum at 723 K: (a) background, (b) evacuation at room temperature,
(c) evacuation at 423 K and (d) evacuation at 573 K.
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Figure 3. Adsorption of CD3CN (µmol) at room temperature on acid-treated bentonite activated under vacuum at 723 K: (a) 0.16, (b) 0.32, (c) 0.64,
(d) 1.28, (e) 2.56 and (f) 1 Torr at equilibrium.

presents two ν(OH) bands at 3744 and 3650 cm−1. The
first is assigned to silanol groups and the second, at lower
frequency, may arise from hydroxyl groups bridging Al and
Fe ions in octahedral positions [12] as the acid-treated ben-
tonite contains a small proportion of Fe ions.

In order to evaluate the type of acidic sites presented by
the sample, infrared spectroscopy (FTIR) of adsorbed bases
has been applied.

(i) Pyridine (pKb = 8.8) interacts with Lewis acid sites
(LPy) giving rise to characteristic IR bands (figure 2) at
1620 cm−1 (ν8a) and 1454 (ν19b) [13]. The wavenumber
of the ν8a band provides information on the strength of
LPy sites and the intensity of the (ν19b) band is related
to the number of LPy sites. Pyridine also interacts with
Brønsted acid sites (BPy), resulting in the appearance of
the band at 1545 cm−1 which is accompanied by a shoul-
der at 1638 cm−1 [11]. Note that the band at 1490 cm−1

contains a contribution of both Lewis and Brønsted acid
sites [14,15]. In the ν(OH) region, the band at 3650 cm−1

remains inert in presence of pyridine, whereas the sub-
tracted spectra (figure 2) show negative absorbances at 3744

(silanol) and 3670 cm−1, but the decrease on adsorption is
large at 3744 cm−1 showing that the involvement of SiOH
groups is far-and-way dominant.

Following evacuation of pyridine at different tempera-
tures, the band at 1545 and 1638 cm−1 resists until 423 K
and disappears at 573 K, whereas the intensities of the other
bands (1454, 1490, 1622 cm−1) are unaffected by evacua-
tion at 423 K but strongly decrease at 523 K. Note that the
ν8a wavenumber (1620–1622 cm−1) is very high, showing
the presence of strong LPy sites. In the ν(OH) region, the
evolution with temperature is equivalent. However, some
hydroxyl groups (3744 cm−1) are still affected by pyri-
dine and the band at 3670 cm−1 is scarcely detectable after
evacuation at 573 K.

(ii) The CD3CN probe can form surface nitrile species
[16,17]. CD3CN has been introduced by increasing doses
on the studied sample. The spectrum obtained (figure 3)
through the adsorption of small amounts shows the presence
of three bands at 2326 [ν(CN)], 2114 [νs(CD3)], 2320 cm−1

and the appearance of a negative absorbance in the range
of silanol groups at 3744 cm−1.
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Figure 4. Adsorption of CD3CN on acid-treated bentonite activated under vacuum at 723 K: (a) evacuation at room temperature and (b) evacuation at
423 K.

Figure 5. Adsorption of lutidine followed by evacuation at 423 K on acid-treated bentonite activated under vacuum at 723 K.

When a large amount of CD3CN is introduced, the in-
tensity of the bands at 2326 and 2114 cm−1 increases
and reaches a maximum whereas the band (shoulder) at
2302 cm−1 remains almost unaffected. The wavenumber

of the band at 2326 cm−1 reflects species associated with
strong Lewis acid sites [16]. The band at 2302 cm−1 is
probably due to CD3CN interaction with Brønsted acid sites
to form strongly hydrogen-bonded species.
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Figure 6. 27Al MAS NMR spectra of acid-treated bentonite.

The presence of the band at 2278 cm−1 could be due to
CD3CN interaction with silanols [17]. This interaction is
of the hydrogen bond type as shown by the appearance in
the ν(OH) region of a rather broad band at 3430 cm−1.

After evacuation at room temperature (figure 4), the
bands at 2326, 2302 (weak) and 2114 cm−1 resist. Their
intensity decreases by evacuation at 423 K and we note the
presence of two bands at 2930 and 2860 [ν(CH3)] due to
an exchange effect. In the ν(OH) region, as in the case of
pyridine, the band (very weak) at 3670 cm−1 and some of
silanol groups remain perturbed.

(iii) 2,6-dimethylpyridine (lutidine, pKb = 7.3), which
is a stronger base than pyridine [18], has been used for
characterising Brønsted acid sites [13,19].

LuH+ species (lutidinium) shows IR bands in the 1620–
1650 cm−1 range (figure 5) characteristic of lutidine ad-
sorption on Brønsted sites [18]. In the ν(OH) region, the
negative absorbance at 3744 cm−1 is accompanied by other
negative bands at 3661 and 3630 cm−1.

After evacuation at room temperature or at 423 K, we
note the presence of bands at 1643 and 1628 cm−1 due to
lutidine adsorbed on Brønsted sites with the same hydroxyl
groups remaining affected.

Figure 6 shows two signals, that at 57.28 ppm corre-
sponding to tetrahedrally coordinated aluminium is close to
that observed for AlIV (58 ppm) in the case of zeolites [20]
but is slightly lower than that of Texas montmorillonite
(60 ppm) after acid treatment [9]. The second signal at
0.412 ppm (AlVI) corresponds to aluminium in an octahe-
dral position. They show the existence of two kinds of Al
in tetrahedral (AlIV) and octahedral (AlVI) positions.

4. Discussion

The study of the residual acidity of acid-treated bentonite
in the decomposition of propan-2-ol shows the formation
of isopropyl ether and/or propene in moderate conditions.
The selectivity of the reaction depends on the reaction tem-
perature.

At low temperature (between 333 and 353 K), both iso-
propyl ether and propene are formed; the formation of iso-
propyl ether requires a Brønsted acidity. It is apparent,
therefore, that the source of protons is derived from the cat-
alyst itself via the hydration of the interlayer space and of
the interlayer cations or part of hydroxyl groups (silanol).
However, it is remarkable that at temperatures equal or
higher than 373 K, only propene is formed. The absence
of ether above 373 K and the inertia of pure silica (De-
gussa) for the same reaction seem to reveal that the weak
acidity of silanol is no more operating. Conversely, the
conversion into ether and propene, below 373 K and for
which the desorption of the water formed does not seem
easy, is in favour of the presence of hydrated interlayer
cations.

The role of interlamellar water was evidenced in the
ether production from hexan-2-ol, for which ether appears
to cease when all the original interlamellar water has been
consumed [21]. It is known that the interlayer cations such
as Al3+ and Fe3+ present a high polarising power [22].
Some of these remaining cations after acid treatment (ta-
ble 1) can produce a high interlayer acidity due to the high
degree of dissociation of water adsorbed in the interlamel-
lar space of layer lattice silicates of the smectite family
[23,24]:

[M(OH2)m]Z+ 
 [M(OH2)m−1OH−]Z+ + H+

In our conditions (reaction controlled under helium
flow), the absence of isopropyl ether above 100 ◦C sug-
gests the desorption of water formed during the reaction
and the formation of propene seems to involve surface acid
sites, principally of Lewis acid type. This hypothesis has
been confirmed by infrared study.

The qualitative analysis of residual acidity using pyri-
dine [24–26] shows the formation of different species: ad-
sorbed pyridine on Brønsted acid sites, species coordinated
to Lewis acid sites and other species bonded via surface
hydroxyl groups. However, their stability, followed by
evacuation at different temperatures, appears quite differ-
ent. Only the species coordinated to Lewis acid sites per-
sist at 573 K and perturb the SiOH groups indirectly as in
the case of amorphous silica–alumina [27]. In that case the
residual acidity of acid bentonite is principally constituted
by Lewis acid sites present on the surface [28].

As in the case of pyridine, CD3CN reveals the presence
of various types of acid sites. Indeed the adsorption of
small amounts of this probe gives rise to ν(C≡N) bands at
2326 and 2302 cm−1.

The first band well reflects species associated with
strong Lewis acid sites [16] which are the most abundant.
Howell [29] and Yurchenko [30] reported that all the Lewis
acids containing a CUS aluminium atom gave rise to a band
at 2328 cm−1, shifted by 65 cm−1 with respect to the orig-
inal ν(C≡N) vibrational mode in the liquid phase.

Considering the second band at 2302 cm−1, it seems that
CD3CN less basic than pyridine interacts with Brønsted
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acid sites to form strongly hydrogen-bonded species in-
volving bridging OH groups [17]. Turning our attention
to the ν(OH) region, the presence of a negative band at
3670 cm−1, after evacuation at 423 K, is in favour of a
strong hydrogen bound state.

In contrast, a protonated state is evidenced by using lu-
tidine considered as the most basic probe. In addition to
the silanol perturbation, other hydroxyl groups perturbed at
3661 and 3630 cm−1 are observed. Those two hydroxyl
components are considered to be characteristic of beidel-
lite [12]. The beidellite character is due to a substitution
of Si4+ by Al3+ in tetrahedral coordination with interlayer
cations to balance the resulting negative deficiency [12]. It
is possible that in the case of acid-treated bentonite, the
protons, balancing the negative charge in tetrahedral sites
like

H
Al O Si

represent a fraction of strongly acidic hydroxyls. This iso-
morphous substitution of SiIV by AlIII in tetrahedral layers
[31,32] is responsible for both Lewis and Brønsted acidity
[33–35].

The presence of Al both in tetrahedral and octahedral
positions in the acid-treated bentonite is demonstrated by
using 27Al MAS NMR [9] as in the case of zeolites [36].
The signal at 57.28 ppm is assigned to a fraction of Al
in the tetrahedral layers, whereas the signal at 0.412 ppm
is due to the octahedrally coordinated Al in the lattice of
acid-treated bentonite.

Another tentative identification of aluminum in tetrahe-
dral coordination has been made by using elemental analy-
sis results on the basis of the general formulae of alumino-
silicate type: montmorillonite and beidellite described by
Mering for one half cell [37]:

[Si4−xAlx]IV[(Al + Fe)2−yMgy]VI

if x = 0 ideal montmorillonite, and if y = 0 ideal beidel-
lite.

The exploitation of the data gives rise to the following
distribution in tetrahedral and octahedral layers:

Atoms SiIV AlIV AlIV FeVI MgVI

1/2 cell 3.89 + 0.11 0.86 + 0.05 + 0.09
Total 4 1

In summary, 27Al MAS NMR shows the presence of
Al3+ in tetrahedral coordination of the acid-treated ben-
tonite and infrared spectroscopy reveals their acidic role.

5. Conclusion

The propan-2-ol transformation well reflects the acid
character of acid-treated bentonite. The catalytic activity
shows an overall acidity, whereas the selectivity accounts

for the nature of the acid sites. The appearance of ether
derived necessarily from propan-2-ol at low temperature
accounts for the Brønsted acid sites; these involved acid
sites seem to be associated with interlayer cations. The al-
cohol dehydration into propene seems related to the Lewis
acid sites considered to be the most abundant.

The examination of the IR spectra using different basic
probes such as: 2,6-dimethylpyridine and CD3CN shows
the presence of various types of acid sites. The Lewis acid
sites and the involvement of SiOH groups are well char-
acterised by pyridine and CD3CN adsorption. In contrast,
lutidine adsorption reveals both the existence of Brønsted
acid sites and the presence of hydroxyl groups characteristic
of beidellite. The potential site created by Al in tetrahedral
layers is confirmed by using 27Al MAS NMR.

We can conclude that the residual acidity of acid ben-
tonite is principally constituted by Lewis acid sites present
on the surface.
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