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IR Liffuse Reflectance Study of Oxide Catalysts. Use of Molecular
Hydrogen Adsorption as a Teat for Surface Active Sites

V.B.Kezansky, V.Yu,Borovkey, L.M.Kustov, Institute of Organic Che-
mistry, Moscow, USSR

Summary

Diffuse Reflectance spectroscopy in the near IR region was proved to
be much more sensitive than the standard transmittence spectroscopy
of the pellets. It was applied to the study of an interaction between
molecular hydrogen and active asites on the surface of oxide catalysts
(8102, A1203, Mg0, zeolites and silica-aluminas). The shift of the
fundemental stretching vibration of the H-H bond caused by low-tempe-
rature adsorption was found to be dependent on the nature of & sur-
face site involved in the interesction. Using hydrogen melecule as a
probe the nature of different Lewis acidic sites in dehydroxylated
H~forms of zeolites was studied, The advantages of low~temperature
sdsorption of hydrogen as a test for surface sites of oxides ms com-
pared to other widely used molecular probes were discussed.

-

IR spectroscopy is widely used for the investigation of adsorption
and heterogeneous catalysts. Traditionaslly, these studies are carried
out by means of {transmittance techmique with the use of very thin se-
mitrensparent pellets pressed of powders. To accomplish their thermo-
vacuum pretreatment and adsorption of different substances one has to
uge rather complicated IR cells, especially if the measurements are
performed at low temperatures /1/.

Significant disedvantage of the transmittance method is its moderate
sensitivity since it allows the detection of 10181020 molecules ad~
sorbed per gramm of & catalyst, depending on the extinotion coeffici-
ent of the surface species, In addition, transmittance IR spectra of
- solids are usuelly measured in a rather narrow spectral range (1000-
4000cm™"'), The upper 1imit of this reglon 1s determined both by cons-
traction of commercial IR spectrophotometers and by intensive scatte-
ring of the high-frequency radiation by the samples. Therefore, the
conclusions about the nature of surface specles are usually made on
the basis of IR spectra messured in the region of the fundamental
stretching and bending vibrations of adsorbed molecules, The combina-
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4ion bands end overtones providing additional valuable information on
interaction between adsorbate and adsorbent usually are not detected
in transmittence IR spectra as their dbands heve very low intensity

_ and often are located in the near IR region which is out of working.
spectral range of regular IR spectrophotometers,

The use of the modern IR-FT spectrometers gives aome new posaibili-
ties both for increase of the sensitivity and for the expansion of

. the spectral range. Another way to achieve these purposes i1s the ap-
" plication inatead of transmittance technique the diffuse reflectance
. spectroscopy. In addition, this method allows the direct investigeti-
on of powlered materials placed in IR cells of small volume. There-
fore, 1t significantly simplifies the preparation of the samples as
well as the procedure of their pretreatment and the measurements of
IR spectra, especially at low temperatures. It should be pointed out
that the attempts to use the diffuse reflectance IR spectroscopy for
the investigation of solids have been made before in /2-4/. However,
this method has not been widely used up till now and its advantages
were not enough clarified.

Experimental

In the present work the diffuse reflectance IR spectre in the near
and middle IR regions were measured using double-beam "Beckman Actae
M~VII"-and "Perkin-Elmer 580B" spectrophotometers, respectively. They
were supplied with the diffuse reflectance units developed in our in-
. stitute. Por the meesuremenis in the near IR region the thin-walled
quartz ampoules were used as IR cells, For the work in the middle IR
range they. were supplied with Cara windows. An empoule with a pretre-
ated sample was placed in front of the spectrophotometer's entrance
8lit and illuminated by the focussed beam of light from the external
irradiation source (150 quarte iodime lamp). The intensity of the
1ight reflected by the semples waes about 15% of that of the reference
beem, Por the measurements at 77K the ampoule with a powdered sample
was placed in a quartz Dewar vessel filled with liquid nitrogen.

Our experimental experience /5-7/ shows that in the near IR region,
where for many adsorbents the reflectance coefficient 1s cloge to uni-

) _ty, diffuse reflectance spectroscopy has & considerably higher sensi-

tivity than has the standard transmittance technique, This conclusion
" 1s slso confirmed by a theoretical consideration. The results of this
analysis based on the Kubelka-Munk theory /8/ are presented in Fig.t.
Here the intensity of thg band in a transmittance spectrum measurad

I11- 4
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in the optimal conditions (~35% of the pellet transmittance) is plot-
ted against the intensity of the corresponding line in a diffuse ref-
lectance spectrum assuming the complete collection of the scattered
light, It is evident that for the samples having large reflectiance
coefficients (R, > 0.8), the intensity of the bands in a reflectance
spectrum considerebly exceeds that one in s transmittance spectrum,
The maximum gain in sensitivity for diffuse reflectance spectroscopy
is the following:® _ =sReo(1+Roo)/(1-Roo), where e is the basis of
the natural logarithm. For example, at Rgo=0.95 Q >100. However,
even with the externsl irradiation source, the intenaity of the ref-
lected light didn’t exceed in our measurements of 15% of that of the
reference beam. Therefore, the real sensitivity increase was approxi-
mately by 5-6 times lower.

In /5,6/ we have used this method for the investigation of Oli-groups
in oxides and zeolites. In the present work it wes applied to the stu-
dy of low~-temperature adsorption of molecular hydrogen.

Results and discussion

According to the selection rules the transition corresponding to the
gtretching vibration of nonpolar H-H bond in molecular hydrogen is-

forbidden. Therefore, this band could bde obtained in IR spectra only
if H2 molecule is perturbed by adsorption centers. This ;geults also
in a decrease of the frequency of H-H vibrations being dependent upon
the extent of polarization of H2 molecules by surface sites of diffe-

111~ &



rent nature. The standard transmittance IR spectroscopy has a low ef-
ficlency for the study of adsorption of hydrogen., It is connected
both with some technical difficulties of the work at low temperatures
and with low sensitivity of this method in the near IR region. In ad-
dition, the vibration of H-H bond is located in the 4000-—4200(:::1'1 re-
gion, i.e. out of the working spectral renge of the commercial avai-
lable IR spectrophotometers, The most suitable for this purpose is
the diffuse reflectance IR spectroscopy. lLet's consider some results
obtained by this technique on the study of molecular hydrogen adsorp-
tion at 77K on the surface of different catalysta.

Oxides. Hydrogen adsorption at 77K on the surface of the silicagel
which contains only SiOH groups results in appearance of a single .
band at 4130cm™' (Pig.2a). It is shifted by 30em™! to lower frequen-
ces es compared to the frequency of H-H vibrations in the gaseous hy-
drogen. An increase of the pretreatment temperature of the silicagel
from 870K to 1270K reduces the intensity of this band. Since in this
temperature range a strong dehydroxylation of the surface takes place
the band at 4130cm™' should be ascribed to H, molecules interacting
with the SiOH groups /6,7/.

O30 4425 4080
o ' i :
0 -

“1f541vo
t

c

4425 4405

Fig.2. IR-apeatras of molecular hydrogen adsorbed at 77K and the pres-
sure of 40kPa on the surface of SiOz(a), D =A1,04 (b), amorphous sili~
ce-alumine (c¢) and MgO0 (d), pretreated at 870K in a vacuum.
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Similar decrease of the intensity of the bands near 4110-4130cm'1,
belonging to hydrogen perturbed by OH groups is also observed in the
spectra of H2 adsorbed at 77K on the surface of A1203 and smorphous
silica-aluminas (Pig.2b,c). However, unlike to silicagel dehydroxyla-
tion of these adsorbents results in an appearance of additional low-
frequency bands of adsorbed hydrogen at 3980cm™"! for Al 03 and at
4030cm™" for silice-aluminas, On the contrary, the intensities of
these bands increase in the course of dehydroxylation of the surface,
These sites hold hydrogen more strongly than OH groups, since the eva-
cuation of the samples at 77K (1-2min) leads to = complete disappea-
rance of the high~frequency bands and doesn’t change the intensiiy of
the low-frequency lines.

It is Ymown thet in such catalysts at high temperatures of the pre-
treatment oxygen vacancies are formed, having the properties of Lewis
acidic gites. Hence, the bands at 3980-4030cm™ -1 should be assigned to
hydrogen interacting with such sites. Adsorption measurements show
that their concentration is not high and for both semples is sbout of
1017 sites/m2.

The electron-accepting properties of magnesium oxide are known to be
not so strong as for A1203 or silica-alumines, In accordance with

this concept one has to expect the less strong interaction of hydro=-
gen with surfece sites of this adsorbent. Our resulis are in agree-
ment with such assumption as in IR spectrum of hydrogen adsorbed at
T7K on MgO pretreated at 870K there is only one line with the frequen-
cy of 4080cm'1 which is higher than that for hydrogen adsorbed on ele~
ctron—-accepior sites of alumina and silica-alumina, This band due to
rather low frequency doeasn’t correspond to hydrogen interacting with
surface OH groups. It is more likely connected with H molecules rd-
sorbed on some cationic centera, perhaps, on Mg cations.

Cationic forms of geolites. Cationic forms of zeolites are appropri-
ate objects for the study of an interaction between metml cations end
adsorbed molecules, In Fis.B IR spectra of hydrogen adsorbed at 77K
and the pressure of 40kPa on Na-forms of zeolites A (1), X (2), Y (3),
mordenite (4) and LaY-zeolite (5) are presented.

For all these samples the absorption bands are observed in the 4075-
4160cm™} range. Since Ns~forms of zeolites don’t contein any structu-
ral OH groups, 811 of the hands in the spectra of adsorbed hydrogen
should be assigned to H2 molecules interacting with Na¥ cations, At
higher hydrogen pressures additional lines at‘0>4160cm could be ob~
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Fig.3. IR-spectra of H2 adsorbed at 77K and the pressure of 40kPe on
Ne-forme of zeolites A (1), X (2), Y (3), mordenite and LaY (5), pre-
treated at 770K in a vacuunm, '

‘served which accordingly to FBrster‘?S/ are attributed to combination
modes of the stretching vibration of H-H bond with low-frequency vib-
rations of the whole molecule on the surface.

The spectrum of hydrogen adsorbed on NaY zeolite unlike to other Ne-
forms consists of three lines with the maxima at 4105, 4125 and 4155
em™?, They are likely to be attributed to H2 molecules interacting
with Na* cations locamted in different positions of the framework., In-
deed, in accordance with the date on X-ray difraction analysis /10/

in dehydrated NaY zeolite the Na' cations do prefer three types of lo-
calization sites (SI; 5} end SII) which obviously are accessible to
H2 moitcules having small kinetic diameter.

Analysis of the spectra of Na-forms shows also that an increase of

the aluminium content in the framework leads to a stronger polarizati-
on of H2 molecules adsorbed on Na' cations. This is clearly demonstra-
ted by sdditional low-frequency shift of the bands for hydrogen adsor-
bed on the samples with lower Si/Al ratio (from 4107cr™! for NaM to
407Ten™! for NaA), This shift may occur due to an additional polarize-
tion of the molecules by internal elecirostatic field of the zeolite
whose sirength should increase with an increase of the aluminium con-
tent in the lattice.
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1T (o) (6)

" Pig.4. IR-ppectra of OH groups (&) and of adsorbed hydrogen {(b) for
zeolites HZSM-5 (1-3) and HY (4,5). Pretreatments are the following:
1 -~ 770K, 0,1Pa; 2 -~ 970K, 0,1Pa; 3 - 1270K, 0,1Pa; 4 -~ 970K in air,
"deep bed" conditions; 5 - 970K, O,1Pa, "deep bed".

Hydrogen forms of zeolites. In Fig.4 IR-spectra of OH groups and of
molecular hydrogen edsorbed at TTK on the decationated zeolites HZSM-
5 (1-3) and HY (4,5) pretreated under different conditions are shown.
FPor HZSM geolite evacuated at temperatures lower than 870K there are
only two high-frequency bands at 4105 and 4125cm™' in the spectra of
adsorbed hydrogen. They belong to the molecules interacting with aci-
dic hydroxyls of the bridged type (OOH-3610cm'1) and with SiOH groups
(003-37306m ), respectively. At higher temperatures of the samples
pretreatment the atructural OH groups of the first type are removed.
This leads to a decreasse of the intensity of the band at 4‘105(:1:1'1 in
the spectra of adsorbed hydrogen and to appearance of low-fregquency
bands with the maxima at 4010, 4035 and 4060cm™'.

According to /11/ dehydroxylation of the H-forms of zeolites may re-
sult in formation c¢f two types of electron-accepting Lewis sites which
are coordinetively unaaturated aluminium atoms and silicon ilons of

the lettice:




