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Abstract

The analysis of solid samples can often be a difficult problem for the researchers dealing with infrared spectroscopy. In conventional absorption
spectroscopy the measurement of absorption is transferred to a measurement of the radiation transmitted through the sample. On the contrary, in
photoacoustic spectroscopy (PAS), the adsorbed radiation is determined directly via its heat and hence the sound produced in the sample. Fourier
transform infrared PAS (FT-IR/PAS) is one of the main IR techniques which successfully can be applied in catalysis research. Examples of this
spectroscopic technique application will be presented as well as some limits of its use.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Photoacoustics was pioneered by Bell in 1880. Following the
reintroduction of photoacoustics as a spectroscopic tool by
Rosencwaig and Gerso [1,2], the method was applied to a wide
range of problems including those connected with surface science
and catalysis. Bases of photoacoustics and PAS were extensively
described in the book of Rosencwaig [3], which was edited in vol.
57 of Chemical Analysis Series (CAS). Next important books in
this area were published by Bialkowski [4] (vol. 134 of CAS) and
recently by Michaelian [5] (vol. 159 of CAS). IR/PAS is
sometimes said to originate with the work of Busse and Bullemer
[6], who obtained a PA spectrum of methanol vapor using a
commercial FT-IR spectrometer and an absorption cell fitted with
a microphone. However, first FT-IR/PAS spectrum of a solid was
published by Rockley [7], who presented a single result for a
polystyrene film in the mid-IR. More details about evolution of
IR/PAS can be found in an book mentioned already [5].

2. Background

Photoacoustic (PA) measurements are unique in that they
depend directly on the energy absorbed by the sample, rather

* Tel.: +48 81 537 55 96; fax: +48 81 537 55 65.
E-mail address: ryczkows@hermes.umcs.lublin.pl.

0920-5861/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2007.01.044

than on what is transmitted or reflected [8—10]. The sample is
placed in a sealed chamber (Fig. 1).

When radiation is absorbed it is converted into heat which can
be detected as a change of pressure in the gas (e.g. air, argon,
helium) above the sample. This heat transfer process is
sufficiently fast to follow the modulation of the radiation
produced in an FT-IR spectrometer. Heat diffuses to the sample
surface and into adjacent gas atmosphere. The thermal expansion
of this gas produces the PA signal. The change in pressure is
detected with a very sensitive microphone. A spectrum is
obtained by ratioing the detector signal to that generated with a
totally absorbing material such as carbon black. The spectrum
comes from a surface layer and the effective penetration can be
more than 100 wm. This can result in total absorption for strong
bands, so that relative intensities are distorted. It is interesting to
remark that reflected or scattered light do not cause the PA signal.
However, absorbed electromagnetic wave by the gases do it. The
effective depth of penetration depends on the modulation
frequency which varies with wavelength in rapid-scanning FT-IR
spectrometers. In step-scan spectrometers the modulation
frequency is constant for all wavelengths, so simplifying
interpretation of the spectra. Some information about the depth
distribution of different components can be obtained by varying
the modulation frequency.

In practice, the main value of PA measurements has been in
obtaining spectra from strongly absorbing samples such as
carbon-like or opaque materials, and for materials that cannot
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Fig. 1. Evaluation of PA signal and the principle of PA measurement.

be ground to a fine powder or be prepared with a flat surface.
Sample preparation is minimal, requiring only that the
specimen is small enough to fit in the chamber [8—10].

A significant number of books [3-5], book chapters [8—16],
review articles [17-21], and texts in scientific journals [22—47]
on FT-IR/PAS have been published during the last 25 years.
Some of them contain general content of the use and application
of FT-IR/PAS [22-31], others are more specific and are devoted
to real-time PA parallel detection of products from catalyst
libraries [32], step-scan and depth profiling analysis [33-40],
the effect of particle size on FT-IR/PAS spectra [41-44], the
temperature effect on PA signal [45], sample emission effects
[46], and synchrotron IR/PAS [47]. During a PA measurement
the sample is enclosed in a small, tightly closed sample
compartment called PA cell [48-54]. Nowadays commercially
available PA detector fits to most modern FT-IR spectrometers
[55]. The summary of the FT-IR/PAS technique and its
applications is extensively discussed by McClelland et al. [8—
10] and Michaelian [5]. Chapter 6 of the book [5] is dedicated to
various applications of IR/PAS, including carbons, coals, clays
and clay minerals, and catalysis.

3. Spectroscopic investigations

A main advantage of PAS applied to solids is the fact that no
elaborate sample preparation is required and unpolished sample
surface pose no problems. Even spectra of strongly scattering
samples can easily be measured. Hence PAS is technique to
study weak bulk and surface absorption, to evaluate the level of
absorbed energy in thin films, to measure the spectra of oxide
films in metals, various powders, adsorbed organics, etc. PAS is
expected to be rather sensitive to surface adsorption, especially
if the substrate is transparent or highly reflective in the
wavelength region in which the adsorbate absorbs.

As it was mentioned the history of FT-IR/PAS application
for solids begun with the work of Rockley [7]. A successful
application of this technique has been continuing for the
investigations of powdered or porous samples [51-53], solids
and surface species [54,56-61], chemisorbed species [62],
catalysis [63]. Gardella et al. have demonstrated the capabilities
of FT-IR/PAS to analyze -catalytic systems, providing
qualitative and quantitative analysis of both gas phase and
adsorbed species. It has to be underline the applications of the

discussed technique for the investigation of industrial materials
or studies having an influence on the industrial production [64].
Those studies covers an analysis of coatings [65,66], rapid
determination of limestone in lime products [67], spectra of
distillation fractions derived from syncrude heavy gas oil [68],
light gas oil [69], post-extraction oil sand [70]. Yang and Simms
[71] have compared PA, diffuse reflectance (DR) and
transmission IR spectra of the studied carbon fibres. They
have conclude that PA and DR methods differentiate the near-
surface region of a carbon fibre from its bulk. Moreover both
mentioned techniques are reliable qualitative analysis techni-
ques for carbon fibres. Abdallah has applied FT-IR/PAS for two
different purities of Cg( fullerenes [72]. Cimadevilla et al. have
studied the influence of coal forced oxidation on technological
properties of cokes produced at laboratory scale and weathered
stockpiled coking coals [73,74]. Other studies were connected
with modified carbons [75-78], carbon deposits [79,80], and
carbonized silica surface [81].

Typical catalytic applications of FT-IR/PAS are connected
with the studies of adsorption on the surface of various supports,
characterization of the supports surface, metal supported
catalysts or catalytic reactions [82-123]. Ando et al. have
described structural studies of hydrogen and/or oxygen
chemisorption on the surface of diamond powders [82]. PAS
in the area of IR has been applied for the investigations of silica
[83,84], nanoporous SiO, thin films [85,86], reactions of TCl, and
Me;Al with silica surface [87], adsorption of organics on silica
and alumina [88,89]. Following applications were connected
with the adsorption of organophosphorus compounds on MgO
[90], non-stoichiometry cerium oxide-based catalysts [91,92],
acidity and the nature of acid sites of sulphated zirconia [93], PA
reflection—absorption spectroscopy (PARAS) for IR analysis of
thin films on metal surfaces [94], studies of adsorbed species on
fine particle of metal and metal oxide [95], kinetic studies of the
water—gas shift reaction in the presence of a-Fe,O3 [96], the
interaction of gamma-iron oxide powder with organics [97],
structural investigations of synthetic ferrihydrite nanoparticles
doped with Si [98], nondestructive testing of copper corrosion
layer formed in the atmosphere [99]. Mohamed and Vansant have
studied structural and acidic properties of Cu/SiO, catalysts
[100]. FT-IR/PAS has been applied for the characterization of
solid polyelectrolyte membranes containing a textured platinum
catalyst [101]. Oh and Nair have discussed spatially resolved,
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quantitative, in situ, nondestructive measurements of the
transport of organic molecules through a polycrystalline,
anisotropic, nanoporous molecular sieve membrane [102].
Brown et al. have utilized several methods of sample preparation
and FT-IR analysis techniques (including PAS) for the
observation of a sorption interaction between a clay mineral
and an organo-phosphonate [ 103]. FT-IR/PAS technique has been
successfully applied for the studies of ethylenediaminetetraacetic
acid (EDTA) and its derivatives interaction with the inorganic
oxides surface [104—109]. Another unique application of this
technique is for studies of MCM-41 template removal or its
modification [110-112].

FT-IR/PAS has been employed for studying modification of
chrysolite surface [113], characterization of natural zeolites—
mordenite and clinoptiolite [114], structural and acidic
characteristic of Cu-Ni modified acid-leached mordenites
[115]. Highfield and Moffat have been applied FT-IR/PAS for
characterization of a number of heteropoly compounds [116—
119]. Riseman et al. [120] have studied pyridine adsorption on
Mo/Al,03 and Co-Mo/Al,Oj catalysts. El Shafei and Mokhtar
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have observed the interaction between molybdena and silica
[121]. Pyridine adsorbed on silica supported copper—molybde-
num catalysts was the subject of Mohamed studies [122]. Zerlia
et al. have studied zirconia supported rhodium carbonyl clusters
[123].

The largest number of research papers which include FT-IR/
PAS catalytic investigations belongs two scientific groups
chaired by Kemnitz [124—-143] and Vansant [25,100,144—-171].
Kemnitz et al. have applied FT-IR/PAS for pyridine adsorption
[124] for the studies of surface acidity and the nature of acid
sites in +y-alumina [125], sulfated zirconia [126—-130], WO/
71O, catalysts [131], modified zirconium and titanium dioxides
[132], highly dispersed vanadium-doped metal oxides [133],
chromia materials [134-137], various MgF, catalysts [138-
140], and aluminium fluorides [141-143]. In the case of
Vansant and co-workers IR/PAS is mostly a supplementary
technique in the studies conducted with: silica and/or silicas
surface and silica gel [144—-151], MoO, layer on the surface of
silica [152], adsorption of VO(acac), or V(acac), on silica and
alumina [153—155], controlled deposition of iron oxide on the
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Fig. 2. FT-IR/PA spectra of sulfided: (a) Al,O3, (b) Mo/Al,O3, (c) Co-Mo/Al,O3, and (d) Co/Al,O3, before and after exposure to pyridine (dashed and solid lines,

respectively) [120].
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surface of zirconia [156], vanadium oxide deposited on
thermally stable mesoporous titania [157]. Following directions
of Vansant group studies with FT-IR/PAS applications are
related to the characterization of zeolites [158—160], porous
clay and mesoporous silica materials [161-164] including
MCM-48 [165,166], SB-15 and SBA-15 [167-171].

Some broader information about FT-IR/PAS applications are
given below. Studies conducted by Riseman et al. [120] were
undertaken to determine the presence of Brgnsted and Lewis
acid sites on the calcined and sulfided (Fig. 2) catalysts.

The IR/PA spectrum of pyridine adsorbed on the sulfided
alumina support (Fig. 2a) itself shows two prominent bands (at
1625 and 1618 cm™') due to Lewis acidity. The FT-IR/PA
spectrum of pyridine on sulfided Mo/A1,05 shown in Fig. 2b
contain the Lewis band centered at 1616 cm™'. The narrower
bands at 1450 and 1492 cm™' are invariant to the sulfiding
treatment. The spectrum of pyridine on sulfided Co-Mo/A 1,05
(Fig. 2c) is remarkably similar to that of sulfided Mo/A1,0;
(Fig. 2b). When a sample containing Co/A1,05 was sulfided
and exposed to pyridine, absorbances attributable to Lewis
acidity were observed (Fig. 2d). The band of Lewis acidity
occurs at 1623 cm ™' and is much broader than those bands on
sulfided Co-Mo/A 1,05 (Fig. 2c¢), indicating complexation of
pyridine on several types of anionic vacancies takes place. The
band at 1492 cm ™' is also significantly broader than those of the
molybdena containing catalysts (Fig. 2b) also suggesting that
chemisorption of pyridine occurs on cobalt centers as well as on
AI** in various symmetries. The band centered around
1365 cm™" on the sample not exposed to pyridine is shifted
to 1310 cm ™" upon pyridine adsorption. This band apparently is
insensitive to pretreatment conditions and the presence of Mo,
supporting the conjecture that this absorbance arises from a
surface cobalt phase associated with the alumina support only.
For the sulfided catalysts, only Lewis acidity could be
unambiguously identified. The lack of detectable Brgnsted
acidity on the sulfided catalyst under the experimental
conditions employed does not necessarily rule out its presence
under hydrodesulfurization (HDS) reaction conditions. Some
extended and more detailed information about FT-IR/PAS
applications are given below.

Studies conducted by Riseman et al. [120] were undertaken
to determine the presence of Brgnsted and Lewis acid sites on
the calcined and sulfided (Fig. 2) catalysts.

The IR/PA spectrum of pyridine adsorbed on the sulfided
alumina support (Fig. 2a) itself shows two prominent bands (at
1625 and 1618 cm™") due to Lewis acidity. The FT-IR/PA
spectrum of pyridine on sulfided Mo/A1,05 shown in Fig. 2b
contain the Lewis band centered at 1616 cm™'. The narrower
bands at 1450 and 1492 cm™' are invariant to the sulfiding
treatment. The spectrum of pyridine on sulfided Co-Mo/A1,0;
(Fig. 2c¢) is remarkably similar to that of sulfided Mo/A1,03
(Fig. 2b). When a sample containing Co/A1,05; was sulfided
and exposed to pyridine, absorbances attributable to Lewis
acidity were observed (Fig. 2d). The band of Lewis acidity
occurs at 1623 cm ™' and is much broader than those bands on
sulfided Co-Mo/A 1,05 (Fig. 2c¢), indicating complexation of
pyridine on several types of anionic vacancies takes place. The

band at 1492 cm ™! is also significantly broader than those of the
molybdena containing catalysts (Fig. 2b) also suggesting that
chemisorption of pyridine occurs on cobalt centers as well as on
AI** in various symmetries. The band centered around
1365 cm™! on the sample not exposed to pyridine is shifted
to 1310 cm ™" upon pyridine adsorption. This band apparently is
insensitive to pretreatment conditions and the presence of Mo,
supporting the conjecture that this absorbance arises from a
surface cobalt phase associated with the alumina support only.
For the sulfided catalysts, only Lewis acidity could be
unambiguously identified. The lack of detectable Brgnsted
acidity on the sulfided catalyst under the experimental
conditions employed does not necessarily rule out its presence
under hydrodesulfurization (HDS) reaction conditions.

Mohamed has used pyridine adsorption to study the acid
sites of silica supported CuO-MoOj; catalysts, with reference to
CuO/SiO, and Mo0O3/SiO, catalysts [122]. The spectra of
pyridine adsorbed on the oxidized x wt.% of CuO-9 wt.% of
Mo/SiO; catalysts (where x represents 1, 3, 6.6 and 15 wt.% of
CuO loading, respectively) are shown in Fig. 3.

There are six major bands for 1 wt.% of CuO-9 wt.% of Mo/
SiO, sample at 1450, 1487, 1574, 1608, 1538 and 1636 cm L.
These correspond to the bands of pyridine adsorbed on Lewis
acid sites (1450, 1487, 1574 and 1608 cmfl) and on Brgnsted
acid sites (1538 and 1636 cm™'), respectively. As the copper
oxide loading is increased, major changes in the bands occur.
The disappearance of the band at 1537 cm™ ' is accomplished
starting from 6.6 wt.% of CuO. Whereas the band at 1636 cm ™!
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Fig. 3. FT-IR/PAS of pyridine adsorbed at 60 °C on oxidized catalysts sup-
ported on silica gel60: (a) 1 wt.% CuO-9 wt.% MoOs3, (b) 3 wt.% CuO-9 wt.%
MoOs3, (¢) 6.6 wt.% CuO-9 wt.% MoOs;, and (d) 15 wt.% CuO-9 wt.% MoO3
(L and B, Lewis and Brgnsted acid centers, respectively) [122].



J. Ryczkowski/ Catalysis Today 124 (2007) 11-20 15

& 1574

PA signal (a.u.)

1730 1635 1540 1445 1350
Wavenumber (cm™)

Fig. 4. FT-IR/PAS of pyridine adsorbed at 60 °C on the following catalysts
supported on silica gel60: (a) 9 wt.% CuO/SiO, and (b) 9 wt.% MoO;/SiO,,
9 wt.% CuO-9 wt.% Mo0O3/SiO, (L and B, Lewis and Brgnsted acid centers,
respectively) [122].

is significantly decreased and shows a shift to a lower wave
number, 1632 cm™*, upon increasing the wt.% of CuO. It is of
interest to note also the significant increase of Lewis acidity
over the Brgnsted acidity for 1574 and 1608 cm ™" bands upon
increasing the copper oxide content. Furthermore, the strong
band at 1487 cmfl, which represents both Lewis and Brgnsted
acidity, observed in both CuO/SiO, and M0O5/SiO, catalysts,
shows a significant decrease as a result of increasing the copper
loading. Fig. 4 shows the IR spectra of pyridine adsorbed on
9 wt.% of CuO/SiO,, 9 wt.% of MoOs/SiO, and 9 wt.% of
CuO-9 wt.% of Mo0O3/SiO, catalysts.

Spectrum of 9 wt.% of CuO/SiO, catalyst (Fig. 4a), shows
the band at 1450 cm™!, of a Lewis site, and the band at
1612 cm ™! along with a small band at 1488 cm ™. Spectrum of
9 wt.% of MoO5/Si0O, catalyst (Fig. 4b), generates both Lewis
and Brgnsted acid sites. The bands at 1635 and 1532 cm ! are
assigned to pyridine adsorbed on Brgnsted acid sites. The other
bands in the spectrum (1608 and 1450 cm™') are assigned to
pyridine adsorbed on Lewis acid sites except the 1485 cm ™
band which represents the contribution of both sites together. It
is obvious that the intensity of the bands (either Lewis or
Bronsted) in the 9 wt.% of MoO5; sample exceeds that of the
9 wt.% of CuO sample. This reflects the enhancement of acid
sites for Mo-silica compared with Cu-silica. It should be noted
also that the 1450 cm ™' band intensity (Fig. 4a and b) is more
important on Cu-silica relative to Mo-silica and the strength of
Lewis sites on Cu-silica is much higher than those on Mo-silica
since the former is characterized by a band at 1612 cm™"

whereas the latter at 1608 cm ™. Spectrum of 9 wt.% of CuO—
9 wt.% of Mo0O3/SiO, sample (Fig. 4c), shows bands at 1450,
1488, 1574 and 1608 cm ™. This spectrum reflects a new band
at 1574 cm™ ' of Lewis acidity and the disappearance of 1635
and 1532 cm™' bands of Brgnsted acid sites. The band at
1488 cm™' decreases in intensity and shifts to longer
wavenumbers compared with the individual supported oxide
catalyst. Furthermore, an extensive increase in intensity of the
1450 cm ™" band is observed. As is evident from this spectrum
(Fig. 4c), an increase in the number and strength of Lewis acid
sites while a decrease of Brgnsted acid sites is observed. The
band of Lewis acidity observed at 1574 cm ™' is attributed to the
presence of CuMoQ, species. This band is not observed in the
individual oxide form of both CuO/SiO, and Mo0Q5/SiO,
catalysts.

Zerlia et al. [123] have studied CO hydrogenation catalyst
precursors prepared by adsorbing Rhy(CO);, and Mo(CO)¢ on
7Zr0O,. The FT-IR/PA spectrum of solid Rhy(CO),, (Fig. 5b)
shows bands with maxima at 2066 and 2040 cm™' due to CO
linearly bonded to Rh and a band at 1870 cm ™" attributed to
bridging CO.

A weak band of gaseous CO, at 2349 cm ™' can also be
noticed. Zirconia-supported Rhy(CO);, shows quite different
IR features: in the region of linearly bonded CO three bands are
observed at 2092, 2060 and 2015 cm™!, while the band of
bridging CO is much weaker, compared with pure Rhy(CO);,,
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Fig. 5. FT-IR/PA spectra of: (a) ZrO,, (b) pure Rhs(CO);,, and (c) Rhy(CO);,/
71O, [123].
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Fig. 6. FT-IR/PA spectra of Rhy(CO);,/ZrO, as a function of time at 32 °C: (a)
after 1 min, (b) after 1 h, (c) after 4 h, and (d) after 22 h [123].

and shifted to 1819 cm~!. Moreover, the spectrum of the
sample placed in the PA cell at about 32 °C under helium
atmosphere exhibited a remarkable evolution (Fig. 6).

The band of bridging CO gradually decreased and
disappeared after few hours; also the band of linearly bonded
CO at 2060 cm ™! decreased in intensity, while a band centered
at 2349 cm ™' due to CO, gradually grew up. As a consequence,
carbonates deposition occurred on the support, as suggested by
a broad band at 15501650 cm ™" (not shown). On the basis of
the assignments reported for CO chemisorbed on Rh/Al,O3, the
authors proposed a description of the complex surface structure
of Rhy(CO);,/ZrO, [123].

In a study on the effect of additives on the catalytic activity
of Rh/ZrO, in CO hydrogenation, the authors observed that Mo
exerts a strong promotion effect both on CO conversion and on
selectivity to oxygenated products. To know more on this
promotion effect of Mo, they have studied the catalyst precursor
Rh4(CO)15 + Mo(CO)g/ZrO, in the way similar to Rhy(CO);,/
ZrO,. The IR spectrum of the sample containing an Rh/Mo
ratio = 1:1 (Fig. 7) is relatively more complex, in the linear CO
region, than that of the monometalic system (Fig. 6).

Gem-dicarbonyl, linear CO and bridging CO are visible as in
Rh4(CO);,/ZrO,, but the band centered at 2026 cm ™! shows
two inflection points on the low frequency side. The spectra
recorded after various time intervals show that the band initially
centered at about 2026 cm ™' gradually shrank and after 16 h
the maximum was at 2013 cm™'. At that time, bridging CO
almost disappeared, linear CO was still visible with a band at
2062 cm~'. The authors have concluded that FT-IR/PAS
combined with TPD (temperature programming desorption)
proved to be an efficient tool in describing the decomposition
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Fig. 7. FT-IR/PA spectra of Rhy(CO);, + Mo(CO)/ZrO, (Rh/Mo = 1:1) as a
function of time at 32 °C: (a) after 1 min, (b) after 1 h, (¢) after 2 h, (d) after
3.5h, and (e) after 16 h [123].

mechanism, which involves CO dissociation and oxidation of
Rh by chemisorbed oxygen, with parallel evolution of CO,
[123].

Silica supported molybdenum oxide catalysts have been
prepared by liquid and gas phase deposition, followed by
calcination of the deposited molybdenyl acetylacetonato com-
plex [152]. An evaluation of the molecular designed dispersion
(MDD) method has been made by comparing the deposited
molybdena structures obtained by the designed dispersion of
MoO,(acac), with catalysts prepared by the conventional
impregnation method using ammonium heptamolybdate. In
the case of impregnated catalysts two samples were prepared with
low and high Mo loading (Figs. 8 and 9, respectively).

The corresponding IR spectrum (Fig. 8B, spectrum b) shows
absorption bands at 990 cmfl, 945 cm ™! and shoulders at
954cm~!, and 925cm™'. The bands between 900 and
1000 cm ™! are associated with terminal v(Mo=0) vibrations
of different oxide structures. The 990 cm™' frequency is
characteristic for the terminal v(Mo=0) vibration of crystalline
orthorhombic MoOs. The 945 cm™' band together with the
954 cm™ ! shoulder are ascribed to the terminal v(Mo=O)
vibrations of polymolybdates, indicating that different molyb-
denum oxide structures are present. The molybdena-silica
interaction can be studied with IR spectroscopy by observing the
(Si—~O-Mo) absorption band at 925 cm™'. The tiny shoulder in
Fig. 8B, spectrum b, suggests the presence of only a few (Mo—-O-
Si) bonds and therefore a rather poor interaction between the
deposited Mo and the support. This observation is confirmed by a
study of the hydroxyl region. Pure silica, preheated at 700 °C,
exhibits only isolated silanols vibrating at 3745 cm ™' (Fig. 8A,
spectrum a). After the impregnation of the MoO, species, the
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Fig. 8. Comparison of the IR absorption of: (a) silica pretreated at 700 °C, (b) a
low loading impregnated catalyst, and (c) a low loading MDD catalyst. Shown
are: A, the absorption in the range of the hydroxyl vibration and B, the low-
frequency IR absorption [152].

intensity of these silanol vibrations has decreased very little,
indicating that only a few (Si—~O-Mo) bonds have been created.

The IR spectrum of the high loading catalyst (Fig. 9B,
spectrum b) shows a very intense terminal v(Mo=0) vibration
at 993 cm ™', belonging to ortho-rhombic MoOs.

The presence of polymolybdate species is supported by the
presence of IR absorption bands at 976, 960 and 952 cm ™. The
976 cm™' frequency is an indication of the presence of
silicomolybdenic acid. The 960 cm ™' band is associated with
polymer structures of octahedral MoOg units. The (Mo—O-Mo)
bridges between those units exhibit an infrared band at 879 cm ™.
The low intensity of this band excludes the formation of a large
(Mo—O-Mo) network and suggests the presence of microcrystal-
line oxide structures on the substrate surface. In spite of these
micro-crystallites, still more (Si—-O—Mo) bonds are formed than
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Fig. 9. Comparison of the IR absorption of: (a) silica pretreated at 700 °C, (b) a
high loading impregnated catalyst, and (c) a high loading MDD catalyst. Shown
are: A, the absorption in the range of the hydroxyl vibration and B, the low-
frequency IR absorption [152].

on the low loading sample prepared by impregnation (Fig. 8B,
spectrum b). This is deduced from the increased absorption of the
(Mo—-0O-Si) vibration band, present as a shoulder at 925 cm L.
The better interaction between molybdena and silica can also be
inferred from the loss of intensity of the isolated hydroxyl band at
3745 cm ! (Fig. 9A, spectrum b).

The authors have concluded that the MDD method results in
a better grafting (more Si—-O-Mo bonds) and thus a stronger
metal oxide-support interaction than the conventional impreg-
nation methods [152].

Baltes et al. [155] have studied alumina supported vanadium
oxide catalysts prepared by the MDD method, using the
vanadyl acetyloacetonate complex—VO(acac),. The formation
of the VO(acac),-support material has been studied by both
spectroscopic and chemical methods.

Fig. 10 shows the IR study of the VO(acac), modified -
alumina support. Fig. 10a presents the IR spectrum of the pure
v-Al,O5 after pretreatment at 400 °C. The basic hydroxy
groups exhibit bands at 3780 and 3760 cm™', the neutral
hydroxy groups at 3730 cm™ ' and the acidic hydroxy groups
exhibit bands at 3680 and 3560 cm ™. Fig. 10b—e present the IR
spectra of the VO(acac),—Al,O3; materials with increasing
VO(acac), loading. In Fig. 10b and c the intensity of the basic
OH bands is reduced, due to an interaction with the vanadium
complex. In the IR region 16001200 cm™" the characteristic
acetylacetonate IR bands are present. The VO(acac),—Al,03
samples show a strong absorption at 1590 cm ™', whereas the
pure VO(acac), complex only shows a minor band at this
position. This band is attributed to the v(C—O);;n, vibration of
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Fig. 10. FT-IR/PAS spectra of the y-Al,O3 support pretreated at 400 °C: (a)
before, and (b—e) after modification with Vo(acac),. Respective V loadings: (b)
0.1, (c) 0.2, (d) 0.3, and (e) 0.4 mmol/g. Inset: difference spectrum of modified
alumina samples in parts (b) and (c), with respective vanadium loadings of 0.1
and 0.2 mmol/g [155].
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an acac ligand. However, pure VO(acac), shows only a minor
band at this position, whereas pure Al(acac); exhibits strong
absorption at 1590 cm~'. Therefore, the band at 1590 cm ™'
reveals the presence of Al-acac species, which means that,
during the reaction of VO(acac), with the alumina surface, acac
ligands are evolved. The decrease in intensity of the OH bands
and the presence of Al-acac shows that a ligand exchange
reaction occurs, which results in the formation of a covalently
bonded vanadium species and the evolved acetyl-acetone
(Hacac) subsequently reacts with the c.u.s. (coordinatively
unsaturated) APt sites to give Al-acac. However, with
increasing VO(acac), loading (Fig. 10d and e) the broadening
of the band between 3600 and 2800 cm ™' suggests the presence
of a hydrogen bond interaction between the acac ligands of the
complex and the surface hydroxy groups.

The inset in Fig. 10 shows the difference spectrum of the
acetylacetonate IR region of the alumina samples in Fig. 10b
and ¢, with vanadium loading of 0.1 and 0.2 mmol/g,
respectively. The difference spectrum reveals that upon
increasing the V loading from 0.1 to 0.2 mmol/g, the band
at 1590 cm™! increases, indicating an increased amount of Al-
acac, originating from the ligand exchange reaction of
VO(acac),. The band at 1550 cm ™! is assigned to the overtone
out of plane vibration of the C-H stretching mode of an
acetylacetonate ligand coordinated to vanadium. This evi-
dences that, besides the surface species with acac ligands
coordinated to aluminium, there is also an increasing amount of
surface species with the acac still coordinated to the vanadyl
group.

Those study reveals that VO(acac), complexes react
preferentially with the hydroxyl groups of the alumina, and
only to a limited extent with the c.u.s. Al sites. In addition, the
deposition of the VO(acac), complex on the alumina surface
yields different supported vanadium configurations as a
function of the surface loading, due to both ligand exchange
and hydrogen bond interactions.

4. Summary

PAS measures a sample’s absorbance spectrum directly with
a controllable sampling depth and with little or no sample
preparation. This rapid direct analysis capability is applicable
to nearly all samples encompassing a wide range of absorbance
strengths and physical forms. Among the other key features of
PAS are that it is nondestructive, non-contact, applicable to
macro- and microsamples, insensitive to surface morphology. It
has a spectral range from the ultraviolet to far IR, and is
operable in PA absorbance, diffuse reflectance, and transmis-
sion modes; and is capable of measuring spectra of all types of
solids without exposure to air or moisture.

The main limits of this technique applied to surface
chemistry and catalysis are the following [172]:

e it needs a gaseous atmosphere (air, Ar, He, etc.),

e the cell needs a microphone just near the sample so that the
sample cannot be heated and activated conveniently,

e the s/n (signal to noise) ratio is rather low.

One of the advantages of this technique is relative low cost of
the PA detector.

However, the disadvantage of the FT-IR/PAS is a limited
possibility of in situ measurements, what is particularly of great
importance in the catalytical investigations. Nevertheless, as a
supplementary technique for catalytic investigations, FT-IR/
PAS is a powerful tool for research in this area. Finally, it has to
be stated that PA spectrometry is not exactly a surface
spectroscopy, because the penetration of the thermal effect is
always significant, although it depends on the scan speed. Thus,
only when the surface-to-bulk ratio is very high, the s/n ratio is
sufficiently good.
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