Transition-metal oxide pillared clays

Part 27—A comparative study of textural and acidic properties of manganese (111) pillared
montmorillonite and pillared acid-activated montmorillonite
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Manganese (111) pillared montmorillonite samples have been prepared by intercalating the trinuclear manganese(iin) acetate
complex {{ Mn;O(COOCH;)s(H,0);]*CH;COO ™ } between the silicate layers of both Na-exchanged (NaMont) and acid-
activated montmorillonite (HMont), and characterised by different techniques. As far as the intercalation is concerned, the
multistep ion-exchange process gave better loading of the complex in comparison to the single-step process. FTIR analysis shows
the presence of a bidentate acetate group inside the silicate layer which decomposes at 300 °C. Materials prepared from both clays
are thermally stable up to 500 °C, with basal spacings of 17.1 and 16.9 A and surface areas of 280 and 268 m? g !, (NaMont,
HMont respectively). Although the acid-activated pillared montmorillonite shows low uptake of the complex and low surface area,
the resultant material has higher pore volume and acidity in comparison to the product from the Na-exchanged material. Samples

prepared from acid-activated clays possess both micropores and mesopores (average pore diameter 41 A) while those prepared
from Na-exchanged clays show predominately uniform small pores with an average pore diameter of 33 A.

In recent years, considerable interest has been focussed on the
preparation and characterization of different types of pillared
layered compounds and their possible applications as catalysts
and adsorbents.! In particular, smectite clays pillared by metal
oxides have been used successfully as acid catalysts in several
reactions such as the dehydration of alcohols,? conversion of
methanol to hydrocarbons,® petroleum cracking* and pro-
duction of fine chemicals.’ Initially, the polyoxocationic species
of aluminium,®” zirconium® and titanium® were used to prepare
the pillared clays. No doubt the polynuclear hydroxy metal
ions formed by hydrolysis in aqueous solutions can yield stable
pillared clays with interlayer free spacings in the range 5-20 A,
but the disadvantage is that only a limited number of metals
can form the oligomeric species. Therefore suitable metal
chelates of Fe,'° Cr,!'' Rh,!> Nb'® and Hg!* etc. were used as
pillaring species. Of these metal chelates, iron and chromium
give rise to thermally stable (up to 500°C) oxide pillars.
Although many studies have been carried out on the above
transition-metal oxide pillared clays, no reports are available
on manganese(lv) oxide pillared clays except our patented
document'® where the p-oxo tris-aquo trinuclear manga-
nese(1r) acetate complex, which itself is a good redox catalyst,'®
was used as the pillaring agent.

As far as the general preparation is concerned, only Na-
exchanged clays have been used extensively as the starting
material, although the acid-activated clay itself is more acidic
and catalytically active.!” Preliminary work with low-tempera-
ture catalysis showed that acid treatment before pillaring has
a beneficial effect.'®1° In our earlier work, we have also
reported that iron oxide pillared clays prepared from acid-
activated montmorillonites showed improved Brensted and
total acidity compared to the materials prepared from Na-
exchanged clay.?® With this in mind we have used both acid-
activated and Na-exchanged clays in the present work. This
paper deals with the comparative studies on the preparation
and characterisation of the novel manganese(1v) oxide pillared
montmorillonite prepared from both clays using a trinuclear
manganese(I1) acetate complex as a precursor for the pil-
laring agent.

1 Part 1, ref. 20.

Experimental
Materials and chemical analysis

The parent montmorillonite (Mainburg, Germany) and acid-
activated montmorillonite (chemical composition as in Table 1)
were used as the starting materials. The parent clay was
exchanged with NaCl before pillaring. Acid activation was
carried out using sulfuric acid at 95°C for 15 h, according to
Bovey and Jones.?! The clay was treated with a sulfuric acid
solution, whilst maintaining a constant clay concentration of
20ml g~ ! and an acid to clay ratio of 0.3 (m/m). The cation-
exchange capacities of the air-dried NaMont and HMont were
found to be 86 and 65 mequiv (100g)~!, respectively.
The trinuclear manganese(Ill) acetate complex,
[Mn;O(COOCH;)6(H,0);]"CH;COO ~, prepared according
to Andrulis et al.,>*> was used as the pillaring agent. As the
complex is stable in methanol and glacial acetic acid, both
these solvents were used separately for ion-exchange experi-
ments. Cation exchange was carried out from a fixed volume
of complex and clay suspension, with the complex to clay ratio
being varied from 2 to 20 mmol g !, following the detailed
method reported elsewhere.!® In addition to the samples pre-
pared by a single-step ion-exchange process, samples were also
prepared using multistep ion-exchange processes using both
the starting materials, taking 1 mmol g~! of clay each time.
The resulting samples were filtered, washed and dried at room
temperature. The air-dried samples were calcined at 110, 300,

Table 1 Chemical compositions of parent and acid-activated montmor-
illonites dried at 120°C

parent acid-activated
montmorillonite montmorillonite
composition (%) (%)
SiO, 62.0 72.0
Al,O5 19.8 14.5
Fe,03 42 3.0
CaO 33 2.3
MgO 4.8 32
Na,O 0.8 0.5
KO 1.8 1.4
H,O ca. 3.2 ca. 3.0
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400 and 500°C, collected in air-tight bottles and stored in a
desiccator for further study. Total manganese contents in the
complex and in the pillared materials were estimated by atomic
absorption spectroscopy (AAS).

Textural properties

The XRD patterns of the oriented pillared clay samples on
glass slides were recorded on a Philips semiautomatic
diffractometer using a Cu-Ka radiation source and an Ni filter
in the range 20 =2-20°. From the d,,, values, basal spacings
were calculated. Adsorption of ethane-1,2-diol vapour was also
carried out on the same samples to examine for any further
changes in basal spacings.

TG-DSC analyses of the room-temperature dried samples
were carried out in dry air using a Stanton Redcroft (STA
625) thermal analyser in the temperature range 30—-600 °C at
a heating rate of 10°C min~!.

IR spectra of the original samples and of the ammonia-
adsorbed samples were recorded with a Jasco FTIR spec-
trometer in the range 4000-400cm ! using the KBr disk
method. All the samples were degassed at 120 °C in vacuum
(1 x 10~ * Torr) before analysis.

Surface areas (BET), pore volumes, average pore diameters
and pore size distributions were determined by the nitrogen
adsorption—desorption method at liquid-nitrogen temperature
using a Quantasorb instrument (Quantachrome, USA). Prior
to adsorption—desorption measurements, all the samples were
degassed at 120°C and 107> Torr for 5 h. Since no current
theory is able to describe micropore filling mathematically,?
the more generalised standard isotherm method was used to
estimate the extent of microporosity.>*> Since the validity of
the t-plot based on the C values of the BET equation has been
criticised, the use of the o, plot, defined as a,=(n/ny)..¢ (1, is
the amount adsorbed by the reference solid at P/P,=s) has
been proposed.?**® According to Sing?’ it is convenient to
place o,=1 at P/P,=0.4, since monolayer coverage and micro-
pore filling occurs at P/P ,<0.4, while capillary condensation
takes place at P/P,>0.4. But the difficulty associated with the
application of the o, method is the need for a non-porous
reference solid with the same surface structure. In this work
Na-montmorillonite is taken as the reference material with the
assumption that it has no microporosity. Although this mate-
rial has some measurable pores in the mesopore range, it will
not affect the measurement when used as a reference material.

Surface acidity

In addition to the IR method, surface acidity was also deter-
mined spectrophotometrically?® on the basis of irreversible
adsorption of organic bases such as pyridine (py), piperidine
(pp) and 2,6-dimethylpyridine (dmpy). In all cases, adsorption
was carried out in cyclohexane solution at 298 K according to
the detailed procedure described previously.?-2°

Results and Discussion

Intercalation

The uptakes of the trinuclear Mn™"

clays are shown in Fig. 1. This shows that the uptake of Mn
increases with concentration in the solution up to 10 mmol
¢!, and thereafter decreases with further increases in concen-
tration. Preliminary experiments show that a very low uptake
of Mn™ takes place in glacial acetic acid (curve A) compared
to methanol (curves B and C). Therefore, for further studies,
the samples were prepared from methanol media. It is also
observed from the plot that uptake of Mn™ in the case of the
acid-activated clay was low in comparison to the Na-exchanged
clay. This type of observation was also found in the case of

acetate complex by both
I
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Fig. 1 Uptake of Mn™ by (A) Na-exchanged montmorillonite in
glacial acetic acid, (B) acid activated montmorillonite in methanol,
(C) Na-exchanged montmorillonite in methanol. Dotted line shows
the multistep ion-exchange process while the solid line shows the
single-step process.

the Fe pillared clay in our earlier study,?® which can be

correlated to the partial deformation of the clay layer and the
reduction of the cation-exchange capacity of the clay owing to
the acid treatment. Interestingly, better intercalation was found
when stepwise ion exchange was carried out, taking in 1 mmol
g~ ! of Mn" each time and repeating five times, than the single-
step process (taking 10 mmol g~ ! of complex). This shows the
advantage of the multistep ion-exchange process over the
single-step process. Tables 2 and 3 show that the basal spacings
and surface areas are directly proportional to the amount of
Mn™ uptake, which increased to 10 mmol (g clay) ™! of Mn™
in the suspension. This shows that the opening up of the clay
layer depends upon the amount of complex intercalated.
However, when the complex to clay ratio in the suspension
was increased to >10mmol g~!, the basal spacings and the
surface areas decreased although there was little decrease in
the Mn™ uptake. So it seems that intercalation is less favoured
at higher Mn™ concentrations. This indicates that the total
amount of the complex present in the pillared materials is not
due to intercalation; rather, a portion of it is adsorbed on the
surface which results in the low basal spacing. These adsorbed
complexes probably block the pores and thus decrease the
surface area. However, the samples (Mn-NaMont-5s and Mn-
HMont-5s) prepared by the stepwise ion-exchange process
(5 mmol g~ ') show the highest surface areas and basal spacings
of both clays. These two samples only were used for further
comparison purposes.

Textural properties

Table 4 shows that the dyo; basal spacings of the Mn-NaMont-
S5s and Mn-HMont-5s samples decrease with increasing calci-
nation temperature. However, both samples were stable up to
500°C, having gallery heights of 7.5 and 7.2 A, respectively
(Fig. 2). Moreover, after the adsorption of ethane-1,2-diol,



Table 2 Manganese uptakes,

surface areas and basal spacings with changes in the complex to clay ratio for acid-activated montmorillonite

sample Mn" added/ Mn'" in Mn in pillared surface basal spacing
sample code mmol g* solution/mol 171 sample (mass%) area/m? g~ ! at 500 °C/A
1 Mn-HMont-2 2 0.02 52 185 14.1
2 Mn-HMont-5 5 0.05 9.8 240 15.8
3 Mn-HMont-10 10 0.10 10.2 265 16.8
4 Mn-HMont-15 15 0.15 10.18 261 16.7
5 Mn-HMont-20 20 0.20 10.15 240 16.1
6 Mn-HMont-5* 5 0.02 10.23 268 16.8

“This sample was prepared by the stepwise ion-exchange process taking in 1 mmol g~! of Mn' each time.

Table 3 Manganese uptakes, surface areas and basal spacings with changes in the complex to clay ratio for Na-montmorillonite

sample Mn'"" added/ Mn" in Mn in pillared surface basal spacing

sample code mmol g~} solution/mol 171 sample (mass %) area/m? g~ ! at 500 °C/A

1 Mn-NaMont-2 2 0.02 6.3 187 14.2

2 Mn-NaMont-5 5 0.05 10.1 245 16.3

3 Mn-NaMont-10 10 0.10 12.33 275 17.0

4 Mn-NaMont-15 15 0.15 12.30 270 16.8

5 Mn-NaMont-20 20 0.20 12.27 242 16.4

6 Mn-NaMont-5, 5 0.02 12.40 280 17.2
“This sample was prepared by the stepwise ion-exchange process taking in 1 mmol g~! of Mn" each time.

Table 4 Variation of textural parameters with calcination temperature
Sger/ S,/ pore volume/ basal spacing/ av. pore |
sample m?g ! m?g! mlcm ™3 Cger A diameter/A Vo /ml cm 3

Mn-NaMont-110 97 — — — 21.2 — —
Mn-NaMont-300 252 246.8 0.2175 382 18.0 34.5 0.120
Mn-NaMont-400 274 — — 17.3 — —
Mn-NaMont-500 280 281.3 0.2355 540 17.1 334 0.163
Mn-HMont-110 109 — — — 204 — —
Mn-HMont-300 241 239.8 0.2514 337 17.7 419 0.111
Mn-HMont-400 260 — — — 17.0 — —
Mn-HMont-500 268 264.1 0.2754 434 16.8 40.6 0.137

“V is the micropore volume calculated from the o plot.
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Fig. 2 Powder XRD patterns of (1) the Mn-NaMont-5 samples and
(2) the Mn-HMont-5 samples calcined at (A) 110°C, (B) 300 °C,
(C) 400°C, (D) 500°C

both samples showed the same interlayer distances, which
indicates the stabilisation of cross-linked pillars owing to
strong complex—clay interactions.

TG-DSC thermograms (Fig.3) of both samples Mn-
NaMont-5s and Mn-HMont-5s show a initial endothermic
peak before 150 °C, indicating the loss of interlayer and surface-
adsorbed solvent molecules. The second intense exothermic
peak within the 200-300 °C range indicates the decomposition
of the acetyl group of the complex. However, the Mn-HMont-
Ss sample shows a peak at 260°C which is higher than the
equivalent peak position of Mn-NaMont-5s (254 °C). This
difference in decomposition temperature is due to the difference
in the opening up of the clay layers. This inverse relation of
the interlayer distance with the complex decomposition tem-
perature was also reported earlier in the case of the trinuclear
Cr' acetate complex pillared zirconium phosphate.®® As the
uptake of Mn™ is low in the case of Mn-HMont-5s, so is the
percentage of mass loss owing to the decomposition of acetyl
groups. Both samples showed an endothermic peak around
472°C which may be due to the dehydroxylation of the
manganese oxide pillars.

FTIR spectra of both room-temperature-dried samples
(Fig. 4) show characteristic bands at 1548 and 1446 cm™!
corresponding to the COO ™~ assymmetrical (v,,) and symmetri-
cal (v;) stretching vibrations, respectively. The difference
(vas—vs) Of 102 cm ™! is characteristic of the bidentate acetate
group.®! This indicates that the intercalated complex still
retains its bidentate acetate group inside the clay layer. But
the samples calcined at 400 °C did not show the above charac-
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Fig. 3 TG-DSC analysis of Mn'" acetate pillared montmorillonite
dried at room temperature: (A) 7.2 mg Mn-NaMont-5, (B) 5.9 mg
Mn-HMont-5
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Fig. 4 FTIR spectra of (A) Mn-NaMont-RT, (B) Mn-NaMont-400,
(C) Mn-HMont-RT and (D) Mn-HMont-400

teristic peak, indicating the complete decomposition of the
complex forming the oxide pillar.

Changes in surface areas (BET) of both samples with respect
to the calcination temperature, presented in Table 4, show the
increase in surface area with increasing calcination tempera-
ture. Similarly, the pore volumes also increased with the
calcination temperature. This may be due to the decomposition
of the complex with increasing temperature to form the oxide
pillar which generated the void micropores inside the clay
layer. So the formation of micropores increased the surface
area as well as the pore volumes. The complete adsorption—
desorption isotherms of both samples calcined at 300 and
500 °C are presented in Fig. 5. All the curves are of nearly the
same type and are of type IV in the BDDT classification.?
The high Cggr values (Table 4) indicated the microporous
structure of the pillared samples.*® Assuming the pores to be
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Fig. 5 Nitrogen adsorption—desorption isotherms of (A) Mn-NaMont-
500, (B) Mn-NaMont-300, (C) Mn-HMont-500 and (D) Mn-HMont-
300

cylindrical, the average pore diameters d, were calculated using
the formula d=4 V,/S,,, where V, is the pore volume and S, is
the specific internal surface area of the pores. The average
pore diameters calculated by this method are given in Table 4.
This shows that with increasing calcination temperature the
average pore diameter decreased for both samples, which was
supported by the pore size distribution data calculated using
the BJH equation®* and presented in Fig. 6.

Interestingly, the pore size distribution of the acid-activated
sample showed a somewhat broader peak (average pore diam-
eter 41 A) whereas the Mn-NaMont-5s sample showed a sharp
peak (average pore diameter 33 /DX) at 500°C calcination. This
may be due to the development of mesoporosity in the clay
layer during the acid treatment. However, the Mn-NaMont-
5s sample calcined at 300 °C also showed two types of pores
which may be due to the incomplete formation of the oxide
pillar. But the sample calcined at 500 °C showed a uniform
pore diameter, similar to that of the zeolite type of structure.
The acid-activated material showed somewhat lower basal
spacings and surface areas but possessed significantly higher
total pore volumes. This increase in pore volume may be due
to low manganese uptake which results in the occupation of
less interlayer space. Mn-NaMont-5s samples show higher
micropore volumes (V) in comparison to the Mn-HMont-5s
samples. This shows that the micropore size is more control-
lable when Na-exchanged montmorillonite is used as the
starting material. The ¢ plots of both samples calcined at 300
and 500°C are also presented in Fig. 7, which shows the
downward deviation at high «, values in all the cases. This
downward deviation may be due to the presence of micropores
or slit-like pores. Specific surface area values (S,), calculated
from the slopes of the line passing through the origin of the o
plot [using the formula s,=2.87(V,4,/2,)], are very similar to
the Sggr values, indicating the accuracy of the reference method
(Table 4).

Surface acidities

The IR spectra of the samples with adsorbed ammonia in the
region 1800-1200 cm ! of both samples calcined at 300 and
500°C are shown in Fig. 8. The relative peak height at
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Fig.8 FTIR spectra of ammonia adsorbed samples: (A) Mn-HMont-
300, (B) Mn-NaMont-300, (C) Mn-HMont-500, (D) Mn-NaMont-500

Table S Surface acidities of pillared samples calcined at different
temperatures

py/ pp/ dmpy/
sample T/°C pumol g~ ! pumol g1 pumol g~ !
Mn-NaMont-110 110 210 425 120
Mn-NaMont-300 300 570 905 260
Mn-NaMont-400 400 545 840 220
Mn-NaMont-500 500 520 670 60
Mn-HMont-110 110 215 430 135
Mn-HMont-300 300 580 955 320
Mn-HMont-400 400 550 900 270
Mn-HMont-500 500 530 720 90

1433 cm ™!, which corresponds to the Brensted acidity,3®
decreased with increasing calcination temperature from 300 to
500°C for both samples. However, the peak intensity at both
calcination temperatures was higher in the case of Mn-HMont-
5s, which indicates the improvement in Brensted acidity of the
sample prepared from the acid-activated montmorillonite. Both
samples showed another peak at 1620 cm !, which is charac-
teristic of both Lewis and Brensted acid sites. In addition, the
total acidities measured by the spectrophotometric method
also decreased with increasing calcination temperature
(Table 5). As piperidine is a base, having a pK, value of 11.1,
it measured the total acidity, while the adsorption of pyridine
(pK, =5.3) measured only the strong acid sites. It is reported
that 2,6-dimethylpyridine (dmpy) is preferentially adsorbed on
the Bronsted acid sites and it can therefore be used to estimate
the Bronsted sites.>® It is observed that adsorption of dmpy
in the cases of the 300 °C calcined samples are higher than
those of the 500°C calcined samples. This supports the earlier
studies on pillared clays which showed that Brensted acidity
decreases to a negligible value at 500°C.3” Although both
methods show that the acidity is low for the 500 °C calcinated
samples, they still retain some of the Brensted acid sites,
particularly in Mn-HMont-5s. This shows the importance of
the use of the acid-activated clay for the preparation of acidic
pillared clays. The acidities of the manganese(1v) oxide pillared
materials prepared from both types of montmorillonites are
somewhat low in comparison to those of the Cr'™ and Fe™
oxide pillared materials.?*38

Conclusions

It is possible to synthesise high surface area (281 m? g~ 1),
thermally stable (up to 500°C) manganese oxide pillared
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montmorillonite by intercalation of a trinuclear manganese(Ii)
acetate complex in methanol. For this material both Na-
exchanged and acid-activated clays can be used as the starting
material. Although the materials prepared using the acid-
activated clay showed somewhat lower uptakes of the complex,
basal spacings and surface areas in comparison to those
prepared from the Na-exchanged clay, they possess signifi-
cantly higher pore volumes. In addition, this material prepared
from the acid-activated clay shows the presence of both
micropores and mesopores while the other material possesses
predominantly uniform pores. So the formation of micropores
is controlled more readily when the Na-exchanged montmoril-
lonite is used. As far as the acidity is concerned, the acid-
activated montmorillonite is much more useful in increasing
the total and the Breonsted acidity of the pillared material,
making it a potential solid-acid catalyst.
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