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Abstract Some heteropoly salts—mesoporous silica com-
posites were prepared from Co salt of molybdophosphoric
acid CoHPMo,,0,4, (CoHPM) by supporting on meso-
porous silica in different concentrations (20-40 mass%
CoHPM) of active phase. The structure and texture of these
CoHPM/silica composites were studied by powder X-ray
diffraction, Fourier transformed infra-red (FT-IR) and
micro-Raman spectroscopy, nitrogen physisorption at 77 K
and scanning electron microscopy with energy-dispersive
X-ray spectroscopy (SEM-EDS). Thermal stability was
investigated by thermogravimetric analysis, differential
thermal analysis and differential scanning calorimetry. FT-
IR and Raman studies showed that heteropoly anions pre-
served their Keggin structure after impregnation on
mesoporous silica support. From SEM-EDS analysis, it
observed that for low loading of active phase, the average
content of chemical elements (Mo, P and Co) is close to the
stoichiometric values, while for higher loadings, the sam-
ples exhibit some deviation of concentration values from
the stoichiometric ones. The mesoporous silica—HPA
composites are thermally more stable than the parent acids,
due to the strong anion-support interaction.
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Introduction

The study of the chemistry and reactivity of early transition
metal-oxygen—anion clusters (more generally referred to as
polyoxoanions or polyoxometalates) has been growing
continuously in recent decades. Polyoxometalates (POMs)
have unique physical and chemical properties, e.g., strong
Brgnsted acidity, strong oxidizing capacity with applica-
tion in photochemistry, different fields of medicine (in anti-
HIV chemotherapy) and as green catalysts and efficient
adsorbents. Owing to their versatility in composition and
chemical—physical features, multifunctional POM materi-
als could be designed for different environmental appli-
cations, such as toxic gas sequestration, wastewater
decontamination, fine chemical production, corrosion and
radioactive waste processing. [1, 2].

The following POMs anions: PMo;,035, PW,035,
SiMo;,0%5, SiW,0%5, CoW;,05 and PMo;;VOiy,
could be used as efficient wet chemical adsorbents to
extract CO, from flue gas according to a recent patent [3].
Jiang et al. have reported the preparation via sol-gel
technique of a zirconia-supported heteropolyacid (HPA),
H3PW,040/ZrO,, which contains both Brgnsted and
Lewis acid sites. These composites were effective catalysts
for selective synthesis of dimethyl carbonate (DMC) from
methanol and CO,. The effects such as the amount of
catalysts, reaction temperature and CO, pressure on the
DMC formation were studied, indicating that the catalytic
activity depends strongly on the CO, pressure [4].

Pure HPAs generally show low catalytic reactivity
owing to their small surface area. In order to be more
effective for catalytic reactions, HPAs are usually
impregnated or incorporated on suitable porous materials
with high surface area and/or by replacement of protons
with different cations. A lot of matrices have been used to
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support HPAs and their salts in order to attain better
accessibility of reactants to the catalysts active sites.
Among the supports that have been mentioned in different
studies are: mesoporous silica [5-7], titania [8, 9], active
carbon [10, 11], salts of heteropolyacids [12—14], poly-
meric materials [15, 16] and different molecular sieves:
MCM-41, SBA-15, SBA-3, HMS [17-26].

Owing to their strong acidity, HPAs of Keggin structure
like H3PW1204() (HPW), H3PM012040 (HPM) and their
acidic salts are highly active for various kinds of acid-
catalyzed reactions [27-29]. The H™ protons which are
known to be responsible for acid-catalysed reactions can be
completely or partially exchanged, with different cations
without affecting the primary Keggin structure. Partial
substitution of protons by these cations may result in
changes of the number of available surface acidic sites
[30, 31].

The synthesis of ordered mesoporous silica materials
can be performed using various cationic and non-ionic
surfactants and silica sources. Toufaily et al. [32] used
different types of non-ionic and ionic surfactants. These
materials exhibit structures with uniform channel diameters
over a range comparable with the MCM-41 type materials.
They prepared a solid catalyst by direct incorporation of
HPW into organized mesoporous silica. The structure of
inorganic species was controlled either by a mixture of
non-ionic and cationic surfactant or only by a non-ionic
one.

In a previous work, we studied the direct incorporation
of H3PMo,,04y and H4PVMo,;,04, into mesoporous silica
during the synthesis [7]. The synthesis of mesoporous silica
containing HPAs was carried out in acidic media by using a
mixture of cationic and non-ionic surfactants, such as
cetyltrimethylammonium bromide (C;(TMABr) and Triton
(TX-100) or Tween 100. In the study, a comparison
between direct incorporation of HPAs into mesoporous
silica and impregnation of HPAs on mesoporous silica was
done. After incorporation or impregnation, the HPAs
anions preserved their Keggin structure on the surface of
mesoporous silica-heteropolyacid composites and form
finely dispersed HPAs species. The favourable effects of
HPAs incorporation on mesoporous silica are the increas-
ing of pore volume and specific surface area, which renders
the silica—heteropolyacid composites appropriate for
heterogeneous catalysis. The mesoporous silica—HPAs
composites are thermally more stable than the parent acids,
due to the strong anion-support interaction.

Although different HPAs salts (especially of
H3;PW,04 acid) based on only one type of cation or
mixed salts have been extensively reported, the influence of
surface coverage of Co salts of 12-molybdophosphoric
supported on different supports in reference to the bulk
solids has not been significantly explored in the literature.
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The aim of this work was to synthesize and characterize
the CoHPMo;,0 4 -silica composites with different con-
centration of active phase and to investigate their thermal
stability in reference to the corresponding bulk CoHPM.
The synthesis of mesoporous silica was carried out in
acidic media by using a non-ionic surfactant: Tween 60. In
order to obtain highly dispersed heteropolyacid species, the
Co salt of molybdophosphoric acid Co;HPMo,049
(CoHPM) was supported on mesoporous silica with Tween
60 in different concentration of active phase.

Materials and methods
Samples preparation

Molybdophosphoric acid, H3PMo;,040-12H,0, was pur-
chased from Merck. The silicon source was tetraethoxysi-
lane (TEOS) from Fluka. Polyethylene sorbitan-
monostearate (Tween 60) from Merck was used as non-
ionic surfactant. Sodium fluoride NaF, from Fluka, was
employed as mineralizing agent.

The bulk CoHPM with Co/Keggin unit ratio of 1 was
prepared by adding slowly drop wise the required amount
of aqueous cobalt nitrate Co(NO3), to aqueous solution of
HPM with vigorous stirring at room temperature. The
precipitate obtained was aged in parent solution for 24 h at
room temperature, followed by evaporation in vacuum at
323 K. For comparison, one group of samples was calci-
nated at 523 K for 4 h.

Organized mesoporous silica with Tween 60 was pre-
pared by the hydrolysis of tetraethyl orthosilicate using non-
ionic surfactants. The procedure was described in our pre-
vious work [7]. The synthesis was performed by sol-gel
technique with the following molar composition:
1S10,:0.067 Tween 60:0.04 NaF:148 H,0. The solid pro-
duct was filtered, washed with distilled water and dried in air
for 6 h. Calcination for template surfactants removal was
carried out under air by increasing temperature from 298 to
823 K with a rate of 2 °C/min and heating at 823 K for 4 h.

The mesoporous silica-supported HPAs were prepared
by impregnation of active phase (CoHPM) on meso-
porous silica with Tween 60 by two-step sequential
impregnation method: first cobalt nitrate was impreg-
nated by aqueous incipient wetness onto mesoporous
silica with Tween 60, dried and calcined at 573 K and
finally 12-molybdophosphoric acid was impregnated by a
similar aqueous impregnation route. CoOHPM is deposited
by impregnation on the calcined samples of mesoporous
silica with Tween 60 in the concentration loadings of 20,
30 and 40 mass%. The samples were denoted as 20, 30
and 40 CoHPM/Tween 60.
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Samples characterization

The structure and texture of CoHPM impregnated on
mesoporous silica were studied by PXRD, FT-IR and
Raman spectrometry, low temperature nitrogen adsorption
technique and scanning electron microscopy with energy-
dispersive spectrometry (SEM-EDS). Thermal stability
was investigated by thermogravimetric analysis (TG), dif-
ferential thermal analysis (DTA) and differential scanning
calorimetry (DSC).

Measurements of textural properties

Textural characteristics of the outgassed samples were
obtained from nitrogen physisorption using a Quantachrome
instrument, Nova 2000 series. The specific surface area
SgeT, average pore diameter d, and adsorption pore volume
Vpn2 were determined. Prior to the measurements, the
samples were degassed to 107> Pa at 523 K. The BET
specific surface area was calculated by using the standard
Brunauer, Emmett and Teller method on the basis of the
adsorption data. The pore size distributions were calculated
applying the Barrett—Joyner—Halenda (BJH) method to the
desorption branches of the isotherms. The IUPAC classifi-
cation of pores and isotherms were used in this study.

Powder X-ray diffraction

Powder X-ray diffraction data were obtained with a XD 8
Advanced Bruker diffractometer using the Cu K, radiation
in the range 20 = 0.5°-5° at low angles and 20 = 5°-60°.
The scanning was made with a step size of 0.02° and a step
time of 2 s.

Scanning electronic microscopy with energy-dispersive
X-ray spectroscopy

Microstructure characterization of the catalyst particles was
carried out with an energy-dispersive X-Max Large Area
Analytical Silicon Drifted spectrometer (Oxford) coupled
with scanning electron microscope JSM-6610 LV. The
analyses were done under acceleration voltage of 15 kV, a
beam current of 20 nA and a spot size of 1 pm. Appropriate
internal and external standards were used for the analyses.
Powder materials were deposited on adhesive tape fixed to
specimen tabs and then ion sputter coated with gold.

Spectral characterization by Fourier transform infra-red
and micro-Raman spectroscopy

The FT-IR absorption spectra were recorded with a

Jasco 430 spectrometer (spectral range 4000—400 cm™',

256 scans, and resolution 2 cm™') using KBr pellets.

Micro-Raman spectra excited with a diode-pumped
solid-state high-brightness laser (532 nm) were collected
on a Thermo Scientific DXR Raman microscope, equipped
with an Olympus optical microscope with infinity-cor-
rected confocal optics, 25 um pinhole aperture, standard
working distance objective 50x and a CCD detector. The
power of illumination at the sample surface was 0.5 mW. It
is very important to record spectra with as low excitation
laser power as possible to avoid destruction and/or changes
of the sample due to the sample heating, especially in the
analysis of molybdophosphates which are very thermally
sensitive. The scattered light was analysed by the spec-
trograph with a grating of 1800 lines mm™'. Acquisition
time was 10 s with 10 scans. The laser spot diameter on the
sample was 1 pm. Thermo Scientific OMNIC™ software
was used for spectra collection and manipulation.

Thermal analysis

Thermal analysis was carried out using a 7TG/DTA 851-LF
1100 Mettler apparatus. The samples with mass of about
20 mg were placed in alumina crucible of 150 pl. The
measurements were taken in dynamic air atmosphere with
the flow rate of 50 mL min~", in the temperature range of
208-923 K with a heating rate of 10 K min~' and an
isothermal heating at 573 K for 60 min and at 923 K for
30 min.

DSC analysis was carried out with a Mettler Star system
DSC 823 apparatus. The samples with mass of 20-40 mg
were placed in Pt crucible of 150 pl. The measurements
were taken in dynamic air atmosphere with the flow rate of
50 mL min~ ', in the temperature range of 303-923 K with

a heating rate of 10 K min~".

Results and discussion
Porosity and surface area

All the N, adsorption—desorption isotherms of the parent
mesoporous silica with Tween 60 and CoHPM impreg-
nated on mesoporous silica show a typical adsorption curve
of type IV (Fig. la—d). The specific surface area, pore
volume and pore diameter determined from the isotherms
using the BJH method are given in Table 1.

Isotherms of mesoporous silica with Tween 60 as a
support and those impregnated with CoHPM show an
obvious hysteresis loop at a relative pressure of p/
po = 0.4-0.8.

Pure CoHPM salt has low surface area and pore vol-
ume, textural characteristics which are increased by
impregnation on mesoporous silica. However, samples of
CoHPM salt impregnated on mesoporous silica with Tween
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Fig. 1 Nitrogen adsorption—desorption plot of mesoporous silica
with Tween 60 and CoHPM supported on Tween 60: mesoporous
silica with Tween 60 (a) 20CoHPM/Tween60 (b), 30CoHPM/
Tween60 (c¢), 40CoHPM/Tween60 (d)

60 have lower specific surface area and pore volume than
pure silica (Table 1). The decrease of these characteristics
is higher for higher amounts of impregnated CoHPM. This
can be explained by the partial blockage of the mesopores
of the support by HPAs particles. However, the pore size
distribution curves with narrow pore size distribution
within mesopore range with a maximum at about 37 A are
obtained for pure support and all composites (not shown).

PXRD analysis

The PXRD patterns at low angles for the initial meso-
porous silica with Tween 60 show a single strong diffrac-
tion peak below 2.0° (20) (Fig. 2). The corresponding
interplanar spacing d is about 62.7 A. However, the
appearance of a broad feature between 2 and 3° (20) can
indicate the evolution of higher-order peak.

After the incorporation of CoHPM into the initial
mesoporous silica framework, the d;og peak is slightly
shifted to higher angles and broadened. This peak for 20,
30 and 40 CoHPM/Tween 60 composites is centred at 58.1,
58.9 and 59.7 A, respectively. The intensity of this peak

pore-filling effect of the matrix.

XRD patterns at large angles (20 = 5°-60°) of CoHPM/
Tween 60 composites are similar to that of the support,
without diffraction lines corresponding to HPA (not
shown). This indicates that the CoHPM is highly dispersed
at the molecular level in the silica matrix without phase
segregation.

SEM-EDS characterization

Electron microscopic studies were performed for CoHPM—
silica composites using SEM mode. The micrographs of
samples 20CoHPM supported on silica, non-calcinated and
calcinated at 527 K are displayed in Fig. 3a, b. The SEM
image shows that CoHPM/Tween 60 composites are
composed of spherical particles of CoHPM with an average
diameter less than 1 pm and porous, irregularly shaped
larger assembles, composed of primary silica particles
matrix.

The chemical composition of silicon from support and
of Mo, Co and P from active phase was obtained by EDS
method. This method was acquired over a minimum of four
areas of about 500 x 500 um?® on each sample. The anal-
ysis was repeated on different particles of the same batch in
order to ensure the reproducibility of the obtained results.

Micro analytical data of EDS analysis show that the
elements of active phase (cobalt, molybdenum and phos-
phorous) content distribution is relatively homogeneous
and close to stoichiometric values.

For the uncalcined sample 20CoHPM/Tween 60 com-
posites, the average content of Mo as mass% is close to the
stoichiometric one: 12.78 is experimental value and stoi-
chiometric value is 12.24 mass%. Also, P content
(0.34 mass%) and Co content (0.59 mass%) are close to
the stoichiometric values (Table 2). For all the composites,
after calcination at 523 K, the content of Mo, Co and P are
closer to stoichiometric values.

The mass ratios data for Co, P, and Mo related to Si in
CoHPM-Tween 60 composites are summarized in Table 3.
Comparing the experimental and stoichiometric values of
Mo, P and Co concentration values, it can be observed that

Table 1 Textural properties of pure CoOHPM and CoHPM/Tween 60 composites

1

1

Sample Specific surface area/m> g~ Pore volume BJHp.i/cc g~ Average pore diameter BJHp./nm
CoHPM 22.8 0.043 2.61
20CoHPM/Tween 60 594.1 0.67 3.66
30CoHPM/Tween 60 451.6 0.55 3.63
40CoHPM/Tween 60 339.5 0.44 3.56
Mesoporous silica with Tween 60 878.0 1.01 3.67
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Fig. 2 X-ray diffraction pattern of CoHPM/Tween 60 composites

for higher loadings of active phase (30 and 40 %), the
samples exhibit some small deviations, for both non-cal-
cinated and calcinated ones. It could be supposed that
active phase was less homogeneously dispersed inside the
composites pores for higher than for low loadings of active
phase.

In order to check the correctness of the values for Mo, P
and Co composition, the composition values of the support
as Si0, oxide were analysed. EDS analysis of uncalcined
sample 20CoHPM/Tween 60 shows that the concentration
of SiO, has a mean value of 79.3 (stoichiometric value is
80.0 mass%), while the calcined sample 20CoHPM/Tween
60 has a mean value of 80.4 (stoichiometric value is
80.0 mass%). All these results show that calcination of
samples has contributed to a better dispersion and more
homogeneous distribution of active phase in the silica
matrix.

Fig. 3 SEM micrographs of

a 20 CoHPM/Tween60 non-
calcinated, b CoHPM/Tween60
calcinated at 523 K

FTIR and micro-Raman spectrometry

Structural integrity of the Keggin anion in organized
mesoporous silica with Tween 60—-CoHPM composites was
confirmed by FT-IR and micro-Raman spectroscopy. The
structure of Keggin ion PMo,,03, consists of a PO, te-
trahedron surrounded by four Mos;O;; formed by edge-
sharing octahedra. These groups are connected with each
other by corner-sharing oxygen. This structure gives rise to
four types of oxygen, being responsible for the fingerprint
bands of Keggin anion between 1200 and 700 cm™".

The Keggin structure of the bulk CoHPM is identified
by characteristic IR spectrum with main vibrations at 1064,
966, 872, 785 cm ™! assigned to the stretching vibrations
Vas P—0y, Vo M0=0,, v, Mo—Op—Mo and v, Mo-O.~Mo
[33, 34]. In addition, a broad, intense band centred around
3440 cm™' (vO-H stretching) and a weak absorption at
1608 cm ™' (vH,O bending) indicate the presence of water.

The introduction of heteropolyacids salts into the
mesoporous silica matrix influenced the structure of
resulted CoHPM/Tween 60 composites (Fig. 4). The
characteristic bands are preserved, but they are broadened
and partially overlapped by the strong absorption bands of
silica (1090, 800 and 462 cm™'). The vibration band at
about 1090 cm ™! assigned to v,4(Si—~O-Si) is decreased to
1082 cm™'; this strong and broad band completely over-
laps a band assigned to the P-O asymmetric stretching
vibration at 1064 cm™', while the band at 966 cm™" in IR
spectrum of pure CoHPM assigned to the v,; Mo=0,
stretching vibration is shifted to 962 cm ™" in the spectrum
of silica impregnated samples.

A band corresponding to the v,, Mo—Oy—Mo vibration
appears with moderate intensity at 875 cm™' especially
for higher loadings of CoHPM. The bands at 800 and
462 cm™! can be assigned to v (Si—O-Si) and 6 (Si—-O-
Si) bonds, respectively [35]. In the spectra of mesoporous
silica—CoHPM composites, the band of banding vibration
is shifted to 1638 cm™'. It is assigned to the H-O-H
bending vibration of the free or adsorbed water
molecules.

SElI  30kV _£
UB-RGF 3
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Table 2 Energy dispersive X-ray (EDS) analysis data for Co, P and Mo in pure CoHPM and CoHPM/Tween 60 composites, initial solids and

solids obtained after calcination at 523 K

Sample Elemental analysis/mass%

Mo P Co

Exp. Stoich. Exp. Stoich. Exp. Stoich.
CoHPM 60.84 61.18 2.75 2.71 1.61 1.65
20CoHPM/Tween 60 12.78 12.24 0.34 0.33 0.59 0.63
30CoHPM/Tween 60 18.26 18.35 0.57 0.49 0.85 0.94
40CoHPM/Tween 60 23.12 24.47 0.64 0.66 1.14 1.25
CoHPM_523 K 61.03 61.18 2.72 2.71 1.63 1.65
20CoHPM/Tween 60_523 K 12.10 12.24 0.35 0.33 0.63 0.63
30CoHPM/Tween 60_523 K 19.19 18.35 0.55 0.49 0.89 0.94
40CoHPM/Tween 60_523 K 23.79 24.47 0.55 0.66 1.15 1.25

Table 3 Mass ratios data for Co, P, Mo reported to Si in CoHPM/Tween 60 composites

20CoHPM/Tween 60

30CoHPM/Tween 60 40CoHPM/Tween 60

Mo/Si 0.344
P/Si 0.009
Co/Si 0.016

0.568 0.805
0.018 0.022
0.026 0.039

Transmittance/a.u.

+» T

— -
400035003000 1600

T T T T T T T T T T
1400 1200 1000 800 600 400
Wavenumber/cm1

Fig. 4 FT-IR spectra of CoHPM/Tween 60 composites: mesoporous
silica with Tween 60 (a) 20CoHPM/Tween60 (b), 30CoHPM/
Tween60 (c), 40CoHPM/Tween60 (d), CoHPM (e)

Raman spectra of pure HPM, CoHPM and CoHPM/
Tween 60 composites with various amounts of incorpo-
rated CoHPM are shown in Fig. 5. The Raman spectrum of
bulk HPM (Fig. 5a) gives the main bands at 995, 976, 602
and 250 cm ™' assigned to symmetric (v;) and asymmetric
(vys) vibrations of terminal oxygen vy (Mo—O,) and v,
(Mo-0y), a combined stretching and bending motion of the
Mo-Oy,—Mo bonds of MoszO;; groups and symmetric

@ Springer

stretch of P-O, bonds [33, 34]. When protons are replaced
by cation such as Co, the Raman spectrum is almost
identical to that of parent acid with a slight shift of the
main bands towards higher frequencies (Fig. 5b).

The Raman spectrum of mesoporous silica does not
show vibration bands in this wavenumber region except
strong fluorescence. So, the observed characteristic bands
in the spectra of the studied composites originate only from
CoHPM as the active phase.

Raman spectra of all investigated composites, before and
after thermal treatment, show that mesoporous silica support
does not induce destabilisation of CoHPM structure. In
Raman spectra of CoHPM/Tween 60 composites, it could be
observed a slight shift of the main bands towards lower fre-
quencies related to pure CoOHPM and parent acid HPM. The
Keggin structure is preserved for all CoHPM contents, but the
main characteristic features of the structure are observed at
991 cm™! (vs Mo-0,), 968 cm ™! (v,s Mo-0,), 596 cm ™! (v,
Mo-O.-Mo) and 243 cem™! (v¢ M0-0,). The shift of the
position of the main bands towards lower frequencies is a
consequence of substrate interaction with the CoHPM. Due to
this interaction, anion—anion interaction in the composites is
decreased and the main peaks are red shifted [33].

After thermal treatment at 523 K, the Raman spectrum
of CoHPM/Tween 60 composites shows only slight mod-
ifications. Raman spectra show that mesoporous silica
support does not influence the structure of Keggin anion, it
is still preserved. No characteristic bands of MoOj are
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Fig. 5 Raman spectra of pure HPM, CoHPM and mesoporous silica
with Tween 60—CoHPM composites: HPM (a) CoHPM calcinated at
523 K (b), 20CoHPM/Tween60 (c), 20CoHPM/Tween60 calcinated
at 523 K (d), 30CoHPM/Tween60 (e¢), 30CoHPM/Tween60 calci-
nated at 523 K (f) 40CoHPM/Tween60 (g), 40CoHPM/Tween60
calcinated at 523 K (h)

detected as a result of Keggin structure collapse as
observed by Yihang Guo et al. [36]. However, the original
Raman spectrum (without baseline correction) of calci-
nated samples shows considerably stronger fluorescence
than non-calcinated samples. The original Raman spectra
of 40 CoHPM/Tween60 composite before and after calci-
nation are presented in Fig. 6 as illustration. As substrate
shows strong fluorescence in this wavenumber region, it is
obvious that fluorescence from the substrate dominates in
Raman spectrum of calcinated samples over the stretching
of Keggin anion of active phase. It could be supposed that
heat treatment causes better dispersion of active phase in
mesoporous silica support which is in accordance with the
literature [30].

Finally, it can be assumed that Raman spectroscopy
confirmed that the Keggin structure is well preserved on
the mesoporous silica support after its impregnation with
CoHPM and that thermal treatment enabled better disper-
sion of the active phase in the support. This observation is
in agreement with FT-IR results.

Thermal analysis

TG (a), DTA (b) and DTG (c) curves of CoHPM and
20CoHPM/Tween60 composite are presented in Fig. 7.
Earlier research has shown that during the thermal treat-
ment of molybdophosphoric acid, two main endothermic
processes are observed: the loss of crystallization and/or
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50 -
454
40 -
35
30 -
25
20

T —
3500 3000 2500 2000 1500 1000 500

Raman intesity/cps

220 —_ (b)
200 +

180

160 —

140

120

100

80 -—
3500 3000 2500 2000 1500 1000 500
Wavenumber/cm-1

Raman intesity/cps

Fig. 6 Raman spectra of 40 CoHPM/Tween 60 composite before
(a) and after calcination at 523 K (b)

adsorbed water (forming anhydrous heteropolyoxo com-
pound) and the formation of constitution water (which
originates from acidic protons and the oxygen belonging to
the Keggin anion). At high temperature, there is the
structural transformation (destruction) of Keggin anion
accompanied by exothermic effect [37, 38].

The DTA curve of hydrated CoHPM shows that for-
mation of anhydrous species progresses in several steps.
Namely, four endothermic peaks, two large at 343 and
516 K and two shoulders at 358 and 398 K, could be
observed. Small peak at 573 K corresponds to endothermal
formation of constitutional water from acid proton and
oxygen from Keggin anion. The final process is evidenced
by an exothermic peak at 733 K assigned to slow solid-
state transformation to molybdenum oxide and another at
890 K which can be assigned to the crystallization of the
oxides resulting from the total decomposition of the Keg-
gin units.

A different thermal behaviour is observed after sup-
porting CoHPMo on mesoporous silica with Tween 60.
The endothermic effect at 351 K is due to the additive
thermal effects of the desorbed water from mesoporous
silica surface and to the loss of the first part of the CoHPM
crystallization water. A second endothermal process which
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Fig. 7 Thermal analysis curves
of CoHPM and 20CoHPM/
Tween60 composite: TG (a),
DTA (b) and DTG (c)
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appears at 546 K is due to the loss of the second part of the
crystallization water (Fig. 7a—c). The loss of the crystal-
lization water is completed at 573 K after 1/2h of
isothermal treatment at this temperature. In the temperature
range 573-923 K a slow and continuous loss of sample
mass is proceeding, owing to the release of constitutive
water molecules of the CoHPM and of the OH™ groups of
mesoporous silica. Due to the porous morphology of
mesoporous silica, all the processes of water release for
CoHPM/Tween 60 composites are continual without
intense peaks on DTA curves.

The exothermic peak could not be observed until 923 K
on the DTA curve of all composites (only data for
20CoHPM/Tween 60 are presented). Therefore, CoHPM/
Tween 60 composites exhibit higher thermal stability then
bulk CoHPM salt.

For a better visualization of thermal effects of pure Co
salts and CoHPM/Tween 60 composites, DSC method was
used (Fig. 8). As on the DTA curve, in the low temperature
region of DSC curve of pure CoHPM are observed two
endothermic peaks at 355 and 501 K assigned to formation
of anhydrous species by elimination of desorbed and
crystallization water.

Three exothermic effects are observed for pure CoHPM
at 699, 735 and 896 K on DSC curve (Fig. 8). As was
described for DTA curve, the exothermic effects are
assigned to the crystallization of constitutive oxides. Only
two distinct exothermic peaks, at higher temperatures than
at DSC curve, could be observed on DTA curve.

In a previous paper, we studied the DSC analysis of
NiHPMo;,0,( supported on SBA-15 [39]. The assignment
of DSC peaks for CoHPM/Tween 60 composites was done
according to our previous paper and to some of references
contained in that paper. Therefore, on DSC curve the
exothermic peak at 699 K might be assign to the

735
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Fig. 8 DSC analysis of CoHPM/Tween 60 composites

crystallization of f-MoQOj;. Maksimovskaya et al. [40]
reported that near 673 K HPMo;,039 transforms into
MOOzHPO4 and MOO3 or [PM012038] [PM012039] (the SO-
called anhydride 2). Above 723 K anhydride 2 decomposes
to yield (M00,),(P,07) and 2-MoOj3, corresponding to the
exothermic peak at 735 K. The exothermic peak at 896 K
is due to the crystallization of the resulting «-MoOs.

For 40CoHPM/Tween 60 composites is observed an
exothermic peak on DSC curve at 797 K which is the
corresponding peak from 735 K of pure CoHPM. So it
could be supposed that the decomposition process of
anhydride 2 to yield (Mo00O,),(P,O;) and «-MoOj is
delayed in the case of supported CoHPM. For all CoHPM/
Tween 60 composites is observed above 723 K the
beginning of an exothermic process with the maximum at
around 923 K. This peak is the corresponding peak from
896 K of pure CoHPM which is due to the crystallization
of the resulting «-MoQO3. We cannot see the whole peak at
923 K because the analysis should stop at this temperature
in order to avoid the vaporization of molybdenum.

Therefore, immobilization on mesoporous silica with
Tween 60 obviously increases the thermal stability of the
Keggin structure in comparison with its parent bulk
CoHPM, probably due to the interaction of active phase
with surface silanols on the support.

Conclusions

In this study a procedure for impregnation of Keggin-type
HPAs Co salt into ordered mesoporous silica obtained by
using a non-ionic surfactant, Tween 60 is described. After
impregnation on ordered mesoporous silica, the HPAs
anions preserved their Keggin structure on the surface of
mesoporous silica-HPA composites and form finely dis-
persed heteropolyacid species. The favourable effect of
heteropolyacid impregnation on mesoporous silica is the
increasing of pore volume and specific surface area in
comparison with pure active phase, which enables better
accessibility of catalyst active centres and renders the sil-
ica—HPA composites appropriate for heterogeneous catal-
ysis. The mesoporous silica—HPA composites are thermally
more stable than the parent acids, due to the strong anion-
support interaction.

From SEM-EDS analysis, it could be observed that for
low loading of active phase, the average content of ele-
ments is close to the stoichiometric one, while for higher
loadings, the samples exhibit a higher deviation of Mo, P
and Co concentration values from the stoichiometric ones.
In the latter case, it could be supposed that active phase
was less homogeneously dispersed inside the composites
pores than for low loadings of active phase.
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Raman and FT-IR spectroscopy confirmed that the
Keggin structure is well preserved on the mesoporous silica
support after its impregnation with CoHPM and that ther-
mal treatment enabled better dispersion of the active phase
in the support. These observations are in accordance with
earlier findings indicating the reliability of the applied
preparation method. This information together with those
acquired by PXRD, thermal analysis and SEM-EDS sug-
gests a strong interaction between the host silica network
and the guest CoHPM molecules, and a weaker interac-
tions among the Keggin anions. It follows that HPAs in the
silica-included samples prepared here are finely dispersed
and strongly bound in the porous silica network.

Therefore, immobilization on mesoporous silica with
Tween 60 obviously increases the thermal stability of the
Keggin structure in comparison with its parent bulk
CoHPM, probably due to the interaction of active phase
with surface silanols on the support.
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