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Résumé— Spectroscopie infrarouge en réflexion diffuse (DRIFTS) : application a I'analyse in situ
de catalyseurs— La technique infrarouge de spectroscopie de réflexion diffuse (DRIFTS), moins
pratiquée que la transmission en raison de ses limitations, est extrémement utile, en effet indispensable,
pour les matériaux non transparents et/ou pour des mesures in situ a la température élevée. Les auteurs
décrivent les principes de cette technique et ses avantages par rapport a la spectroscopie infrarouge en
transmission. L’ application de DRIFTS a la caractérisation des catalyseurs est illustrée par deux éudes:
sur I'interaction du molybdéne avec le précurseur de catalyseurs de désulfuration de carburant, et sur les
modifications in situ sous gaz réactifs des catalyseurs de réduction des composés azotés dans les gaz
d’ échappement.

Abstract — Diffuse Reflection I nfrared Spectroscopy (DRIFTS): Application to the in situ Analysis of
Catalysts— The diffuse reflection infrared Fourier transform spectroscopy (DRIFTS) technique, less
practiced than the transmission mode because of its limitations, is extremely useful, indeed indispensable,
for non-transparent materials and/or for in situ measurements at elevated temperature. The authors
describe the principles of this technique and its advantages over transmission infrared spectroscopy. The
application of DRIFTSto the characterization of catalysts is illustrated by two studies conducted on the
interaction of molybdenum with the precursor of fuel desulphurization catalysts, and on the in situ
modifications under reactive gases of catalysts for reducing nitrogen compounds in exhaust gases.
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INTRODUCTION

Owing to their wide variety of composition and structure,
heterogeneous catalysts pose a major challenge to char-
acterization techniques. In recent years, to achieve a detailed
description of the structural changes in catalysts under
reactive atmosphere, many analytical developments have
been carried out in the area of in situ analysis. Infrared
spectroscopy is an ideal technique that is widely used to
characterize the acidity of supports and deposited metallic
phases. This technique is currently limited to the analysis of
samples transparent to IR radiation and formed into the shape
of a self-supported pellet. Some samples cannot be analyzed
due to the lack of mechanica strength and/or transmission.
This applies in particular to hydrated samples or certain
catalysts used to combat automotive pollution. The use of a
diffuse reflection accessory and the associated DRIFTS
(Diffuse Reflectance Infrared Fourier Transform Spec-
troscopy) technique helps to circumvent these obstacles and
to analyze materials under reactive atmosphere.

1 THEORETICAL REVIEW: DIFFUSE REFLECTANCE
INFRARED FOURIER TRANSFORM SPECTROSCOPY
(DRIFTS)

Any radiation focused on a surface can, depending on the
characteristics of the surface and its environment, be
absorbed, directly reflected (specular reflection), internally
reflected, or diffused in al directions. The latter effect is of
interest in diffuse reflection spectroscopy [1]. One of the
principal advantages of this technique is the ability to obtain
infrared spectra of solid materials without cumbersome
sample preparation. However, DRIFT spectra may be
extremely difficult to interpret because they closely depend
on the conditions in which they are obtained.

As shown in Figure 1, infrared radiation may be directly
reflected by the sample surface, giving rise to specular
refraction, which is a function of the refractive index and
absorbtivity of the sample. The radiation may also undergo
multiple reflections occurring at the surface of the particles
and without penetrating the sample.

The radiation that undergoes this type of diffuse specular
reflection exits the surface at any angle relative to that of the
incident beam. On the contrary, true diffuse reflection is the
consequence of beam penetration into one or more particles
and its diffusion in the sample. This component of the
rediation also exits the sample at any angle but, since it has
traveled through the particles, it contains data on the
absorption properties of the material. In consequence, this
complex radiation contains similar data to those of a
transmission spectrum, and this is why it is advantageous
from the infrared spectroscopy standpoint. However, diffuse
reflection cannot be optically separated from specular

Normal specular
components

Incident
infrared

Figure1

Mechanisms generating the infrared spectrum of a powder.

reflection, but if the specular diffuse reflection component is
weak compared with diffuse reflection (absorptivity of the
material not too high), diffuse reflection spectra are very
similar to transmission spectra. The contribution of specular
reflection to the total signal isthe main cause of the distortion
of DRIFT spectra.

As arule, the specific properties of the materid liable to
influence the quality of the DRIFT spectrum are asfollows:

— refractive index of the sample;
— particledimensions;

— packing density;

— homogeneity;

— concentration;

— absorption coefficients.

In the case of inorganic or strongly absorbent materials,
the firgt three properties can cause significant distortions in
the form and relative intensity of the bands, to the extent of
having negative bands. To decrease the contribution due to
externa reflection of the largest particles, the sample can be
ground into smaller particles. A size smaler than 10 um (i.e.
not exceeding the wavelength of the incident radiation) is
preferable. If the sample is too absorbent, it must be diluted
in a nonabsorbent matrix (potassium chloride, KCl or
potassium bromide, KBr). In general, dilution guarantees
deeper penetration of the incident ray and less specular
reflection of the sample surface, thereby increasing the
contribution to the spectrum of components which contain
data on the absorbance properties. In certain cases, however,
as for zeolites, this type of matrix cannot be used because of
interactions with the sample. If so, the use of pure zedlite
powder isindispensable.

From the theoretical standpoint, there is no linear relation
between band intensity and concentration, and quantitative
analyses by the DRIFTS method are rather complicated.



T Armaroli et al. / Diffuse Reflection Infrared Spectroscopy (DRIFTS): Application to the in situ Analysis of Catalysts 217

The Lambert-Beer law, normally used in transmission, is not
directly applicable. However, a similar expression can be
found by applying the Kubelka-Munk equation. Let us
consider a given sample, of thickness d, subject to an
incident flux I in direction x and which reflects a flux J,
along the same axis but in the opposite direction (Fig. 2). In
the element of thickness dx, the fraction of light transmitted
is proportional to k (absorption coefficient) and the fraction
of light diffused is proportional to parameter s (diffusion
factor).

lo Jo
0T x=0
f
dx Joooooiiiiiio
Il
d+ x=d
X
Figure 2

Schematic representation of alayer of particles which absorb
and diffuse light.

Using this simple model, we can show that the trans-
mittance (ratio of the intensity of the exiting light to the
entering light crossing the sample) can be expressed by:

T=IX=d_ ZB

I, (1+B2)sinh(k'd) +2Bcosh(k' d)

and diffuse reflection:

_Jdxeo _ (1-p?sinh(k'd)
"1, (@+PB2)sinh(k'd)+2Bcosh(k d)

in these expressions.

k

K=lkk+29 P2 Bl

FJZ

While k, the absorption coefficient, is easily known from
the Lambert-Beer law, parameter s is difficult to determine.
To circumvent this problem, Kubelka and Munk [2] con-
sidered the limiting case of a sample of infinite thickness (2
or 3 mm of powder satisfies this condition). This accordingly
gives.

T,=0 and R,=(1-B)/(1+p)

which can also be placed in the form:

Q=R _k_
R f(R.)

f(R,) is called the re-emission function or Kubelka-Munk
function. A comparison with a standard sample consisting of
a very nonabsorbent powder, i.e. KCI, KBr, etc. (such that
kOOand R, 1) helpsto determine the rétio:

r, = (R,) sample/ (R ) standard
to which we apply the expression:
fr,))=(1-R)?/2R_=Kis
by replacing k by 2.303*€* ¢, where:
€ = extinction coefficient (function of the wavenumber v);
¢ = sample concentration;
thisgives:
f(r,) = 2.303*¢(v)*c/s

and if sisaconstant, i.e. an intrinsic property of the material
which depends on the grain size, f(r_), a a given frequency,
varies directly with the sample concentration c. This pro-
duces a similar expression to the absorbance expression that
enables us to obtain a spectrum resembling the transmission
spectrum.

Diffuse reflection measurements are mostly limited to
semi-quantitative analyses. This technique is extremely

useful for examining samples that are difficult to analyze in
transmission.

2 DRIFTS APPARATUS

Figure 3 shows the apparatus for the DRIFTS measurement.
The infrared beam is focused by a series of mirrors on the
surface of the sample, which is placed in a sample holder.
Diffuse radiation through the powder is collected by other
mirrors and sent to the detector.

Sample

/ holder

Mirrors

Figure 3

Apparatus for diffuse reflection measurements.
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The apparatus can be equipped with an in situ high
temperature and high pressure cell shown in Figure 4. The
sample holder, a ceramic crucible containing a heating
resistor and a thermocouple, is placed inside a dome
with zinc selenium (Sezn) windows that can withstand a
maximum temperature of 473 K (200°C). To remove the
heat, the dome is surrounded by coils conveying a stream of
nitrogen gas kept at low temperature by a heat exchanger
immersed in liquid nitrogen. To prevent condensation on the
windows, the liquid nitrogen flowrate must be regulated as a
function of the final sample temperature.

Aninlet and outlet are provided to send the gases into the
dome and through the sample.

Figure 5 shows the path of the gases inside the dome. The
gases pass through the sample from the bottom upward. This
flow direction offers the advantage of thermostatically
controlling the gases and tracking the surface reactions at the
desired temperatures.

Thisin situ cell servesto:

— subject the sample to reactive conditions smulated by the
sending of different gaseous mixtures;

— reach a temperature of 1173 K (900°C) at atmospheric
pressure or 673 K (400°C) at 1500 psi (100 bar);

— record the sample spectra at elevated temperatures,;

— directly measure the sample temperature by a thermo-

couplein intimate contact with the powder (Fig. 5).

3 CHARACTERISTICS OF THIS TECHNIQUE:
ADVANTAGES AND DRAWBACKS

The DRIFTS technique offers the advantages of simpler
sample preparation, the capacity to analyze nontransparent

samples, irregular surfaces and coatings (polymer, etc.),
exposure of the sample to simulated reaction conditions
while analyzing the changes in the species at the material
surface, recording of the spectrum of the powder at elevated
temperature and/or under pressure. The main drawback isthe
difficulty of quantitative measurements. Another limitation
concerns the repetitivity of the measurements. Since the
diffusion coefficient varies with each preparation, it is
difficult to compare two spectra of the same material
recorded in two different experiments [3]. To overcome this
problem, the spectra can be brought to iso-intensity of a
structure band. In the case of boehmites, for example, the
spectra were set to scae by equalizing the band intensities
around 2090 and 1970 cm™, bands due to the harmonics
of the bands of the boehmite structure. Thus the differences
between the samples can be appreciated by analyzing
the variations in relative band intensities (see Section
on boehmites below). Other drawbacks concern the
implementation of the diffuse reflection experiment to
analyze catalysts. A high temperature gradient exists between
the upper edge and bottom of the crucible containing the
sample. The infrared radiation cannot see the entire thickness
of the catalytic bed but only the sample surface. In
consequence, differences may be recorded between the
reactivity observed by the changes in the bands of the species
at the surface and that obtained by analyzing the gases
exiting the cell. Thisis why, in our case, surface analysisis
insufficient to track the reaction, and the gases leaving the
DRIFTS cell must be analyzed, either by infrared analysis or
by mass spectrometry. The recording temperature a so affects
the position, width and intensity of the bands of a spectrum
(see Section 5.1 on hydroxyls of zeolite Y). In order to
compare the samples, it is therefore necessary for the spectra
to be recorded at the same temperature.

SeZn
Dome windows
Flow il Dome
ow inlet cooling
and outlet ) coil
for cooling = T/

dome exterior

o

Ceramic
————————
Q sample

| older

Dome inlet
and outlet

Figure4
Sample holder and dome.

Infrared radiation

Thermocouple

Sample M- ]
il Heating
system
Outlet Intlet
Gas
Figure 5
Domeinterior.
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4 COMPARISON OF DRIFTS
WITH TRANSMISSION IR SPECTROSCOPY

To compare IR spectroscopy in DRIFTS and transmission
mode, let us consider the spectrum of an organic substance
recorded in the simplest conditions, i.e. at ambient tem-
perature and with nitrogen blanket inside the instrument. The
compound 1,2-bis(diphenyl phosphino)ethane was selected,
because it displays several characteristic bands around
3000 cm™ and below 2000 cm?. The reference spectrum
(background) employed in this case was acquired with a
mirror & ambient temperature and under nitrogen. The diffuse
reflection spectrum of 1,2-bis(diphenyl phosphino)ethane at
298 K is shown in Figure 6. The bands are clearly identified,
with a “correct” baseline and a highly favorable signal-
to-noiseratio.
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Figure 6

DRIFT spectrum of 1,2-bis(diphenyl phosphino)ethane, pure
powder, at 298 K.
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Transmission spectrum of 1,2-bis(diphenyl phosphino)ethane,
KBr pellet, at 298K.

The diffuse reflection infrared spectrum can be compared
with that of the same substance recorded in transmission
(Fig. 7). In this case the sample is a 300 mg pellet of
potassium bromide (KBr) containing a few milligrams of
1,2-bis(diphenyl phosphino)ethane and the spectrum is
recorded in the same temperature and atmospheric conditions
used in diffuse reflection. Both spectra are virtually
equivalent and furnish the same data on the substance
concerning the number of bands, relative intensity and pesk
positions. In case of transmission analysis, awide and intense
band is found below 3500 cm! due to the water present in
the KBr of the pellet.

To conclude, in this specific case, the diffuse reflection
technique combines the advantage of faster and simpler
sample preparation with the absence of the spurious water
band in the spectrum.

5 APPLICATION OF DRIFTS
AT VARIABLE TEMPERATURES

Let us now consider the case of a variation in the temperature
of asample flushed with a constant gas flowrate.

The heating system is used to control the temperature
ramp-ups, to produce plateaux and to implement heating
and cooling cycles. The decomposition of calcium oxalate
(CaC,0,), routinely used as a reference in thermogravimetric
analysis (TGA), illustrates the data that can be obtained.
The TGA operating procedure comprises the following
parameters.

— about 14 mg of sample (pure powder);
— aninert gasflowrate of 4 I/h (or 066.6 mi/min);
— heating from 293 to 1073 K, 10 K/min.

Analysis by thermobalance reveals three endothermic

conversions due respectively to:
— departure of water at 1435K;
— conversion of oxalate to carbonate at [764 K (CaC,0O,

- CaCO, + CO);

— conversion of carbonate to Ca oxide at (993 K (CaCO,

- Ca0 + CO,).

For the DRIFTS analysis, the temperature rise was set a
10 K/min (from 298 to 1073 K) and the nitrogen flowrate
at 41/h. Spectra of the sample surface were recorded con-
tinuously during heating (100 scans, resolution 2 cm™, about
30 spectralh). The reference background for the entire series
was the KBr powder spectrum recorded in a single beam
under nitrogen at 373 K. To prevent the saturation of certain
signas, the oxalate was diluted in a proportion of 5/95 by
weight with ground and dried KBr. The conversions found in
thermogravimetry are observed. Around 415K, the bands
above 3000 cm? virtually disappear and this is associated
with the departure of water at 435K in thermogravimetry
(Fig. 8). Above this temperature, the spectranearly al remain
identical up to 739 K except for the formation of a fine,
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DRIFT spectra of Ca oxalate + KBr (5/95 w/w) et room
temperature (common scale).

medium-intensity band around 1698 cm. Observable
between 739 and 759 K is the progressive decrease, up to
complete disappearance, of the bands at 1698, 1636, 1316
and 786 cm™, simultaneously with the formation of three
bands: an intense and wide band at 1404 cm and two fine
bands, a first intense band at 875 cm™ and a second of
medium intensity at 712 cm™. These three bands, according
to the spectra reported in the literature [4], are attributed to
the typical bands of calcite (CaCO,). Diffuse reflection
analysis reveals the complete conversion of the oxalate to
carbonate at about 760 K, wheress this occurs at 764 K in
TGA. We can therefore conclude on a good agreement
between the TGA and DRIFTS analyses concerning the
temperatures observed relative to the departure of water and
the conversion of oxalate to carbonate.

5.1 Effect of Temperature on Analytical Accuracy:
Example of the Analysis of OH of Zeolite Y

Under inert atmosphere at variable temperature, two Y
zeolites with different Si/Al ratios were analyzed. Figures 9a
and 9b show the spectra of Y 14 zeolite (with Si/Al ratio
of 13.6) in the OH vibration zone. Figure 9a shows the
transmission spectrum of the self-supported pure powder
pellet after overnight activation under vacuum at 723 K
(spectrum recorded under vacuum at 298 K). The typical
bands of this zeolite are observed, already amply described in
the literature [5-7]. The fine and intense band at 3741 cm is
due to the free terminal silanols and the band at 3630 and
3566 cm! to the bridged Al-OH-Si acid hydroxyls located
respectively in the supercages and hexagonal prisms. A fairly
weak signd at 3670 cm! can be distinguished, attributable to
Al-OH of extra-lattice species, as well as two shoulders at
3552 and 3526 cm L. The basdline shows a slope resulting

from the size of the particles and generating diffusion
mechanisms. Figure 9b shows the diffuse reflection spectrum
of the same zeolite at 298 K, after activation for 10 h under
nitrogen stream at 723 K. The same bands are found as in
transmission [8]. Compared with the transmission spectrum,
the DRIFT spectrum exhibits a better baseline. Moreover,
the weak band at 3670 cm! due to the extra-lattice species
and the two shoulders at the lowest wavenumbers are much
more clearly visible.
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5.5F Al-OH

5.0F
4.5
40r
3.5F
3.0F
2.5F
2.0r
15F

Under nitrogen stream
10 h 723 K, 298 K

Kubelka-Munk

3400 3200 3000 2800
Wavenumbers (cm-1)

a) 3800

241 Activated 723 K

22l under vacuum, 298 K

2.0F
1.8
1.6
1.4f

I
1
1
1 I
I 1
1 1
1 1
1 1
1 1
1 1
1 1
1 [}
3600
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1
1
1

Absorbance

1.2
3741

10r  si-oH

1 1 1 1 1 1

b) 3800 3600 3400 3200 3000 2800
Wavenumbers (cm-1)

Figure 9

Zeolite Y14 (Si/Al of 13.6). &) transmission spectrum, self-
supported pure powder pellet, after overnight activation at
723 K under vacuum; b) diffuse reflection spectrum after 10 h
activation under nitrogen. Spectrarecorded at 298 K.

We have so far presented zeolite spectra at ambient
temperature, but one of the advantages of DRIFTS is the
ability to record spectra at variable temperature (in situ
measurements). Figure 10 shows the DRIFT spectra of
zeolite Y14 activated at 723 K and recorded at 723 and
298 K. Note that the temperature has a nonnegligible effect
on the spectrum. Comparison of the two spectra, in the case
of the spectrum at 723K (Fig. 10, a), shows that the bands
are broader and wesker, the resolution of the shoulders and
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Zeolite Y14 (Si/Al =13.6) DRIFT spectra under nitrogen
after activation (10h at 723K), a) at 723K, and b) lowering
to 298 K. Spectrain common scale.
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Zeolite Y3 (Si/Al =2.6) DRIFT spectra under nitrogen after
activation (20h at 723 K), a) at 723K, and b) lowering to
303 K. Spectrain common scale.

bands is logt, and dl the bands are shifted in wavenumber.
These effects are due to the diffusion of the infrared beam on
the sample, which decreases with rising temperature. The
signal-to-noise ratio accordingly decreases.

Another zeolite, Y3 with Si/Al ratio of 2.6, was aso
analyzed. The DRIFT spectra recorded at high temperature
and ambient temperature after activation at 723 K are shown
in Figure 11. This shows the band of the free terminal
silanols at 3735 c ! and those of the acid hydroxyls at 3630
and 3551 cmL. The latter two bands are broader and more
intense than those of zeolite Y with a higher Si/Al ratio. In
consequence, the effects of temperature on the bandwidths
are less pronounced. Note that once the temperature of
the sample falls from 723 to 303 K under nitrogen, the
zeolite adsorbs a part of the water present in traces in the gas
stream. Two bands appear, a very wide band at 3200 cmt
due to the hydroxyls interacting with the water, and a second
around 1630 cm™ corresponding to the water deformation
modes.

5.2 Location of Molybdenum in Mo/Boehmite
Systems and Conversion to y Alumina

Continuing the study of different materias at variable tem-
perature and under inert atmosphere, the case of boehmites
was then considered.

Structure of Boehmite

Crystalline boehmite (chemical formula AIOOH) is an
orthorhombic material with alamellar structure. It consists of
a double chain (AIOOH) (infinite) in the a direction and
perpendicular to the b axis (Fig. 12). The duminum atoms are

located in distorted AlO,(OH), octahedral sites. The hydroxyl
groups are at the surface of the layers. Structural cohesion is
provided by the hydrogen bonds between the hydrogen atoms
of the hydroxyls belonging to one layer and the oxygen atoms
of the hydroxyls belonging to the neighboring layer. By
heating above 750 K the boehmite is converted to y aumina.
The mechanism generally proposed for boehmite decom-
position is based on the elimination of water molecules
resulting from condensation of the hydrogen atoms and
hydroxyl groups between the layers, causing the collapse of
the lamellar structure and the formation of y-Al,O,. Each
boehmite monocrystal is converted into a particle of y
alumina, preserving its general form in agreement with the
topotactic nature of thistransformation [3, 9].
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Figure 12

Structure of boehmite (ALOOH formula).



222

To investigate a new method for synthesizing Mo/Al,O,
we examined [10] Mo/boehmite systems and conversions to
Mo-alumina. To understand the influence of the metal on the
catalytic activity of the final material, it is important to
analyze the type of interaction occurring between the
molybdenum and the support (boehmite). As aready said,
the lamellar structure of boehmite consists of a double chain
of 2D octahedra with common edges. The compactly of
the structure is assured by hydrogen bonds between the
hydroxyls of the different planes[11]. The exposed faces are
basal and lateral faces. Strongly basic sites are present on
plane (101) while face (100) displays weakly basic sites and
basal plane (010) is nearly inert (Fig. 12) [12]. Raybaud et al.
[13], according to ab initio calculations, proposed four
stretching frequencies, corresponding to as many hydroxyl
types. The hydroxyls whose stretching frequencies are
predicted at 3819, 3741 and 3712 cm! should be exposed on
thelateral planes, respectively (101), (001) and (100). A band
anticipated at 3676 cm™ corresponds to the stretching
vibration of the neutral OH position of the basal faces
(Fig. 12). Morterra et al. reported transmission IR spectra of
asample of boehmite activated at 423 K in the form of athin
layer and revealed a rather intense and fine band at 3668
cm! in the same wavenumber zone and a slight shoulder
around 3705 cmt [14]. They attributed the first to the OH
groups of the surface which are released from the hydrogen
bond after activation. At lower wavenumber, the two intense
and wide bands due to asymmetrical and symmetrical
stretching vibrations of the bulk hydroxyls can be recognized
at about 3290 and 3090 cm. Nonetheless, the interaction of
Mo with the OH of the boehmite surface, as well as the
conversion of the Mo/boehmite to alumina, has not yet been
fully investigated. On the contrary, many studies by infrared
spectroscopy are dedicated to calcinated Mo/AlLO, systems

Oil & Gas Science and Technology — Rev. IFP, Vol. 59 (2004), No. 2

[15-19]. It emerges from these studies that Mo interacts with
the hydroxyl groups on the surface of the alumina to form
structures of the monolayer type. It has also been shown that
at lower Mo content, a preferential interaction appears
to occur between the metal and the most basic hydroxyl
species [9]. In this context, Mo-boehmite interactions were
investigated at increasing Mo content, followed by the
conversion of Mo/boehmite to Mo/alumina by the tem-
perature effect. The advantage of DRIFTS mode is
illustrated here by comparison with a transmission study
of samples in the form of self-supported 20 mg pellets.
Figure 13 shows the spectrum of the pure boehmite powder
pellet after pretreatment overnight at ambient temperature
under secondary vacuum. This type of approach does not
allow visualization of the structural hydroxyl vibration bands
located at 3340 cm* and 3125 cm? owing to saturation of
the signal. At higher frequency the band at 3670 cm and
the shoulders at 3700 cm* and 3735 cm?, characterigtic of
the hydroxyls located respectively on the basal and lateral
faces of the boehmite plates, then appear.

Figure 14 shows the spectrum of the same sample of
boehmite recorded in diffuse reflection after one night under
nitrogen at 298 K. The spectrum is of better quality and does
not display any of the band saturation observed in trans-
mission. The infrared spectra presented were recorded with a
resolution of 4 cm™! using amirror as a background reference.
For each boehmite sample, a quantity of about 20-25 mg of
pure powder was placed in the DRIFTS cell and pretrested at
298 K overnight under nitrogen stream. After taking a
spectrum of the sample pretreated at 298 K, the temperature
was raised at arate of 10 K min to 873 K with a series of
plateaux of 10 to 45 min at fixed temperatures (353, 473, 573
and 723 K). A spectrum was recorded at the end of each
plateau. All these tests were conducted under nitrogen.

Absorbance
Absorbance

3850 3650
Wavenumbers

(cm1)

Figure 13

3500
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FT-IR spectrum of pure boehmite after one night under secondary vacuum at ambient temperature.
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DRIFT spectrum of pure boehmite after one night under nitrogen at ambient temperature.

The following samples of boehmite with different Mo
contents were prepared:
— Blank;
— nMo/nAl =0.02;
— nMo/nAl =0.123;
— nMo/nAl = 1.514.

Figure 15 shows the DRIFT spectra of all the samples
after pretreatment overnight at 298 K under nitrogen
blanket. The spectra are shown in Kubelka-Munk units and
normalized to the band intensities at 2090 and 1970 cm
(attributed to the harmonics of the boehmite structure modes)
in order to compare the band intensities of the different
samples. The blank spectrum is consistent with that reported
in the literature (Fig. 15, @) [22]. The bands at lower wave-
number, at 1410 and 1360 cm, are probably due to nitrate
species present on the surface. Nitric acid was added during
preparation to adjust the pH of the solutions. The same
nitrates are not present in the spectra of the samples
containing Mo (Fig. 15, b, ¢ and d). In this case the nitrates
remain in solution and are removed by centrifugation.

In the OH stretching zone between 4000 and 2800 cmt
in Figure 15, al the samples reveal two wide and intense
bands at about 3335 and 3108 cm?, showing a dight shift
towards lower wavenumbers and a change in the relative
intensities depending on the Mo content. These bands were
attributed respectively to the asymmetrical and symmetrical
stretching vibrations of bulk hydroxyls. At higher frequen-
cies, at 3570 cm, the shoulder is present attributed to
the stretching modes of the physisorbed water, and at about
1640 cm the band corresponding to the 3(HOH) defor-
mation mode.

In the region of OH group vibrations (Fig. 16), for the
blank (Fig. 16, a) intense absorption at 3668 cm! and two

Kubelka-Munk

b
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3500 3000 2500 2000 1500 1000
Wavenumbers (cm-1)

4000

Figure 15

DRIFT spectra of all samples after one night at 298 K under
nitrogen stream a) blank; b) 0.02; ) 0.123; d) 0.514.

main shoulders at 3700 and 3734 cm! can be observed. In
agreement with the literature [12-14] these signals are
attributed to the vOH of free hydroxyls of the OH groups
present either on the basal faces of the boehmite (band at
3668 cm™), or on the lateral and positively charged faces
(shoulders at 3700 and 3734 cm™Y). The relative intensity
between the band of free hydroxyls at 3668 cm™ and those
corresponding to the structural OH at 3335 and 3108 cmt is
typical of a crystalline boehmite with small particles. By
increasing the Mo content, on the spectrum of the sample
containing a Mo/Al molar ratio of 0.02 (Fig. 16, b), the
virtua disappearance of the signal at 3734 cm! is observed,
with adecrease of the one at 3700 cm™L. This finding tends to
indicate that Mo is preferentially bonded to the OH of the
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Figure 16

DRIFT spectra in the OH stretching region after one night at
298 K under nitrogen stream: a) blank; b) 0.02; c) 0.123;
d) 0.514.

lateral faces. In the spectrum of 0.123 Mo (Fig. 16, ¢), these
two signals are no longer detectable. On the contrary, we are
unable to determine whether a decrease occurs of the band
due to the basal hydroxyls at 3668 cm.. This is because the
spectra recorded in diffuse reflection can only be compared
mutually from a strictly qualitative standpoint. The presence
of physisorbed water, even if the spectra of the different
solids have been recorded after the same pretreatment under
nitrogen stream at ambient temperature, makes the compar-
ison even more difficult. Finally, in the solid 0.514 Mo
(Fig. 16, d) the band at 3668 cm~! has also nearly disap-
peared and a very weak signa subsists. Hence there are no
more free hydroxyl groups. These results confirm that the Mo
introduced bonds preferentialy with the lateral OH which are
charged, and subsequently with the OH of the basal faces.

Recording of the spectra at elevated temperature (473 K)
under nitrogen to eliminate traces of physisorbed water from
the surface (the band at 1630 cm™ has nearly disappeared)
does not allow a better comparison between the OH bands
because of the temperature effect on the bands, which
broaden and dightly change the frequencies. If treatment at
elevated temperature to remove the water is followed by
lowering to ambient temperature, the boehmite surface traps
a part of the water present in the nitrogen stream and the
spectrum is identical to the one obtained after one night
under nitrogen at 298 K.

Note also that the spectrum of the sample at higher Mo
content recorded at ambient temperature (Fig. 15, d) displays
avery intense band at 1421 cm™, already detectable in the
spectrum of the solid at 0.123 Mo (Fig. 15, ¢). This band
is due to the NH," deformation modes of the species
(NH,);AIMo,(OH)0,, which is deposited on the support
[20]. The stretching vibration bands corresponding to the

NH,* group are masked by the wide structural OH bands
between 3300-3000 cmt. Comparing this spectrum with that
of (NH,);AIMo,(OH),0,4 shows most of the bands and, for
example, the shoulder at about 2830 cm™. To confirm this
assumption, the same samples were analyzed by Raman-FT
spectroscopy. These results [21] are not presented here, but
only the conclusions that can be drawn from there. The
spectrum of the sample with 0.02 Mo displays a peak at
920 cm! which is characteristic, in agreement with reference
[22], of the Mo= Ot stretching mode of the monomeric
molybdate species, i.e. an MoY! in tetrahedra coordination.
The significant shift of this Raman signal (from 898 for the
free monomer to 920 cm™ for the adsorbed material) attests
to astrong interaction between the molybdate and the support
surface. At higher Mo content, the spectrum of the sample
0.123, in addition to the peak of the monomer species,
displays a new signal at 952 cm™. This may be due to a
polymer species formed by the Mo-oxygen octahedra [23]
and particularly to the symmetrical stretching mode of
Mo = Ot of the typical Anderson structure, AIMog(OH),0,*
[24]. The presence of this speciesis confirmed by the pesk at
570 cm™L, characteritic of the Al-O stretching of the same
Anderson structure [25]. The Raman spectrum of the third
sample with higher Mo content (0.514 Mo) only displays the
peaks due to the Anderson structure (952 and 570 cm™)
meaning that at this content, molybdenum is exclusively
present in polymeric form widely dispersed on the surface.
The results of the Raman analysis confirm the assumption
made from the DRIFT spectra for this higher Mo content
sample. However, the interaction of this species with surface
OH has not yet been clarified.

As a partial conclusion, from these first measurements, it
appears that with an increase in the Mo coverage, the
coordination of the metal changes from mainly tetrahedral to
octahedral as dready observed for Mo/AlLO, catalysts[17].

5.3 Conversion of Mo-Boehmite to Mo-Al,O,

Heating a boehmite above 750K for a few hours causes
dehydration leading to conversion to y-alumina [3, 13]. The
mechanism proposed considers that the decomposition of
boehmite takes place through the removal of the water
molecules resulting from condensation between the hydrogen
atoms and the hydroxyl groups located on the neighboring
layers, giving rise to the formation of y-Al,O,. Based on
NMR and thermogravimetry anayses, Fitzgerald et al. [26]
concluded that the following processes occur at the different
temperatures. desorption of physisadsorbed water between
323 and 423K, dehydration due to the condensation of OH
groups between 423 and 773K, and above 773K, a succes-
sion of dehydration and dehydroxylation. Our samples which
contain Mo display the same type of behavior. ATD
measurements were taken showing that regardless of the Mo
content, a first endothermic peak occurs with a maximum
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between 333 and 353 K, undoubtedly due to the loss of
physisorbed water. A second signal at higher temperature is
the consequence of the transition from AIOOH to y-Al,O..
The temperature of this mechanism shifts from 710 to about
723K depending on the Mo content, but the conversion is
completea 773K in al cases.

Following these results, and using the detailed procedure
in Table 1, each sample was heated in the DRIFTS cell from
298 K to 873 K at a constant rate of 10 K/min and under
nitrogen, with plateaux. The surface spectra were recorded in
situ at the end of each plateau (T =cst).

TABLE 1
Sample heat treatment conditions
Initia temp. (K) Final temp. (K) Plateau (min)
298 353 10-45
353 473 10-45
473 573 45
573 723 45
723 873 45

Figures 17 and 18 show the spectra of the blank (0.0 Mo)
at increasing temperatures. At 473 K (Fig. 17, b) the shoul-
der at 3570 cm™, attributed to the stretching modes of
physisorbed water, and the lower wavenumber band at about
1640 cm™, corresponding to the deformation 3(HOH), have
disappeared. This confirms the attribution of these bands and
agreesfully with the ATG-ATD.

Looking at the change in the OH stretching bands with
temperature (Fig. 18), it may be observed that the conversion

of boehmite to y dluminais terminated after 50 min at 873 K.
This conversion is detectable from the structural OH
stretching bands at 3335 and 3108 cm™ which disappear as
described above (Fig. 18, f). Most of this conversion takes
placeat 723K (Fig. 18, d).

Contrary to the results reported in the literature [10, 27,
28], treatment at 723 K for 45 min does not appear to be
sufficient to complete this conversion. It is in fact observed
that the wide bands around 3400 and 3200 cm™ are still
present and that the OH stretching bands above 3650 cm™,
typical of alumina, are not yet clearly defined (Fig. 18, €). It
is also observed that the effects of the broadening and
wavenumber shift of the stretching bands with rising
temperature are partly due to the conversion of boehmite to
y aumina, but also result from the temperature at which our
in Situ gpectra were recorded. To overcome this effect due to
hesting, after 50 min a 873 K, the temperature was lowered
to 298 K and a spectrum recorded (Fig. 18, g). The bands
corresponding to the stretchings of the alumina hydroxyls
between 3600 and 3800 cm™ are better defined and narrower,
and their wavenumber positions change towards the typica
values of an aumina. Unfortunately at this temperature, the
sample adsorbs a portion of the water still present in tracesin
the nitrogen stream. This is confirmed by the formation of a
wide medium-intensity band below 3600 cm™. This is why,
even if the spectra are modified due to the temperature, the
spectrarecorded at high temperature are considered.

The temperature behavior of the samples containing Mo is
similar to that already observed for the blank. For these solids
also, it is necessary to vary the temperature to 873 K for
the conversion to y aumina to be complete (Figs. 19, 20
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Figure 17

DRIFT spectra of blank (0.0 Mo) with temperature a) after
one night at 298 K; b) 45 min at 473 K; ¢) 45 min at 573K;
d) 10 min a 723 K; €) 45 min at 723 K; f) 50 min at 873K
and g) lowering to 298 K (spectrain common scale).
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Figure 18

DRIFT spectrain the stretching OH region of blank (0.0 Mo)
with temperature. a) after one night at 298 K; b) 45 min at
473 K; ¢) 45 min at 573 K; d) 10 min at 723 K; €) 45 min at
723 K; f) 50 min at 873 K and g) lowering to 298 K (spectra
in common scale).
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Figure 19

DRIFT spectra in the OH stretching region for the 0.02 Mo
sample with temperature. a) after one night at 298 K;
b) 60 min at 473 K; c) 10 min at 573 K; d) 10 min at 723 K;
€) 45 min at 723 K; f) 50 min at 873 K.
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Figure 20

DRIFT spectrain the OH stretching region for the 0.123 Mo
sample with temperature. a) after one night at 298K;
b) 60 min at 473 K; c) 10 min at 573 K; d) 10 min at 723K;
e) 50 min at 723 K; f) 45 min at 873 K.

and 21). The different metal contents seem to have little effect
on this conversion, at least where the final temperature is
concerned, even though with the highest Mo content sample
(0.514 Mo) after 45 min at 723 K, the process dready appears
to be complete (Fig. 21, €). These results show good agree-
ment with those of ATD-ATG. Note that in the case of the
sample a 0.514 Mo (Fig. 21) the band at 1434 cm™ of the
ONH,*, of the species (NH,),AIMo,(OH),O, disappears at
573K (this is consistent with the fact that this species
decomposes above 473-573 K to Al,(MoO,), + MoO;) [22].

On the y alumina spectra obtained in the DRIFTS cell
after temperature conditioning (45 min at 873 K) under
nitrogen stream, substantial differences are observed between
the samples which contain different Mo contents (Fig. 22).
In all cases, the bands are fairly broad, which is partly due to
the temperature effect.

The typical infrared spectrum of ay alumina displays at
least four bands in the hydroxyl group stretching zone. A
small shoulder at 3790cm™ (terminal OH on an Al in
tetrahedral coordination with a non-vacant environment), a

30
28
26
24
22
20
18
16
14
12
10

1421 cmt

Kubelka-Munk

3800 3700 3600

Wavenumbers (cm-1)

3600

Kubelka-Munk

oNnh o ®

3000 2500 2000 1500
Wavenumbers (cm-1)

3500

Figure 21

DRIFT spectra of the 0.514 Mo sample with temperature. a)
after one night at 298 K; b) 60 min at 473 K; ¢) 45 min at
573K; d) 10 min at 723 K; €) 45 min at 723 K; f) 45 min at
873 K.
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Figure 22

DRIFT spectra in the OH stretching region of samples after
treatment at 873 K for 45 min under nitrogen stream. a) blank;
b) 0.02; c) 0.123; d) 0.514.
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band at 3770 cm™ (terminal OH on an Al ion in tetrahedral
coordination near a cationic vacancy), 3730 cm™ (terminal
OH on an Al ion in octahedral coordination), 3680 cm™
(bridged OH) and possibly a weaker and broader band at
3590 cm? (triple bridged OH) [29]. The spectrum of our
blank shows three main bands in the region of the OH
stretchings at 3759 cm™ (weak), 3709 cm™ (shoulder) and
3678 cm™ (strong) (Fig. 22, a). These bands can be attrib-
uted respectively to the stretching modes of the termina OH
on the Al ions with tetrahedral coordination (3759 and
3709 cm™) and to the bridged hydroxyls (3678 cm™). The
shift towards lower wavenumbers observed in our case can
be attributed to the temperature at which the spectrum was
recorded (873 K).

The DRIFT spectra of duminas at different Mo contents
reveal the progressive disappearance or frequency shift of
certain OH vibration bands as a consequence of the initia
interaction of the metal with the hydroxyl groups of the
origina boehmite surface. In the spectrum of the sample at
lowest Mo content (0.02 Mo), the shoulders at 3759 and
3709 cm™ have nearly completely disappeared and a weak
band is detectable at 3769 cm™ (Fig. 22, b). At higher Mo
loading al the hydroxyl groups have practically disappeared,
and are supplanted by awide band with a maximum at about
3607 cm™! characterigtic of some hydroxyls either structural
or hydrogen bonded (Fig. 22, d) [17].

If the spectra of the same aluminas are recorded in
transmission (FT-IR) at ambient temperature, the same
pattern of band variation with Mo content is also observed
(Fig. 23). The OH bands are better defined, owing to the
lower acquisition temperature. In the case of alumina
(0.0 Mo), weak signals at 3790 and 3590 cm™ can also be
distinguished, the latter attributed to a triple bridged OH
(Fig. 23, a). The differences observed between these samples
with rising Mo content in the hydroxyl group vibration bands
are comparable to those already observed for diffuse
reflection infrared spectra. Mo interacts with the alumina
surface hydroxyls, progressively causing a decrease in the
intensity of the bands corresponding to the OH stretching as
a function of metal content. It is clear that the highest
frequency OH band is eliminated first (Fig. 23,b). This
band is attributed to the most basic hydroxyl group [18, 30]
which, according to previous studies on Mo/Al,O, type
catalysts [15-21], appears to be the preferred interaction site
for the molybdate anion. The bands at 3730 and 3680 cm™
appear to decrease at the same rate as already observed
by [21].

The disappearance of the band at 3770 cm™ (from the
0.02 Mo sample), simultaneous with a shift in the band from
3780 to 3785 cm™, is aso noteworthy. Although the same
mechanisms are also present in the case of Mo/Al,O,
catalytic materials [17], they have heretofore not been taken
into consideration. In our case, at lower Mo content, an
explanation can be suggested if we consider the topotactic
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Figure 23

FT-IR spectra in the region of the OH stretching of the dif-
ferent aluminas with growing Mo content observed on the cor-
responding boehmites treated and converted during the tests.

nature of the AIOOH - y-Al,O, conversion. If the location

of the molybdate on the y-Al,O; is inherited from that of the

boehmite, the molybdate should mostly be located on plane

(001) of the y-Al, O, (and which is derived from face (100)

of boehmite) and on face (1-10) occurring from plane (001)

of the boehmite. The band at 3775 cm™ could correspond

to the OH groups located on face (001) of the y alumina
according to the ab initio calculations performed by Digne
et al. [31]. This attribution would explain the loss of the OH

vibration band at about 3775 cm™ which is observed when a

small amount of Mo is added. These results appear to agree

closely with those already reported by Morterra [32] and

Srinivasan [33] who emphasized the strong reactivity of

these hydroxyls. On the contrary, the nature of the band at

3680/3685cm ™ is till debatable.
In conclusion, it emerges from this study that:

— at low Mo content, the Mo first interacts with the charged
lateral OH;

— the presence of Mo at the boehmite surface dightly mod-
ifies the boehmite - alumina conversion temperatures;

— DRIFT and FT-IR spectra of alumina at different Mo
contents display the same pattern of bands observed for
conventional Mo/AlLO, catalysts, in the region of the OH
group stretchings.

5.4 Effect of lonic Strength

The final point of this study on boehmites raises the question
as to the specific type of interaction between molybdate and
boehmite (electrostatic, iono-covalent, hydrogen bond). The
decreased intensity of the OH stretching band could indicate
that this interaction is stronger than a simple electrostatic
mechanism (ionic strength). In order to assess the potential
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influence of ionic strength and its effect on the infrared
spectra, the solids listed in Table 2 were investigated.

TABLE 2

Characteristics of boehmite samples with variable ionic strength

IR2 Boehmite sol - ionic strength | =0 M (molar)
IR30.1 M NaNO, Boehmite sol - ionic strength | =0.1 M (molar)
IR0.01M NH,NO, | Boehmite sol - ionic strength | =0.01 M (molar)
IR0.1M NH,NO, Boehmite sol - ionic strength | =0.1 M (molar)

For each solid, after pretreatment overnight under nitrogen
stream at 298 K, the temperature was raised to 473K at the
rate of 10 K/min with a plateau of 40 min at 353 K.

A comparison with the different spectrarecorded at 353 K
(Fig. 24) shows the absence of any appreciable variaions in
the zone of the OH stretching modes. None of the OH bands,
either structural (3121 and 3440 cm™), nor of the basal
(3668, and at 3672 cm™) and lateral (3699 cm™) faces,
appear to undergo any change. It would appear that the
lateral OH band at 3734 cm™ disappears in the case of the
highest ionic strength (Fig. 24, c), but since thissignal is very
weak and broad, this finding may be questionable. This
experiment shows that the decreased intensity of the OH
bands in boehmites containing Mo does not derive from a
simple electrostatic interaction. A more specific interaction
must exist.
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Figure 24

DRIFT spectra in the OH stretching region after 10 min at
353 K under nitrogen. &) blank; b) IR 0.01M NH,NO,; ¢) IR
0.1M NH,NO,.

6 APPLICATION OF DRIFTS SPECTROSCOPY
AT ELEVATED TEMPERATURE
UNDER REACTIVE ATMOSPHERE

The study went on to investigate materials under reactive
atmosphere. To address thistopic, it was decided to study the

adsorption and reduction of nitrogen oxide molecules on
different materials and in different reaction conditions
(temperature, flowrate and type of atmosphere). Nitrogen
oxides were selected for the study because these gases,
emitted by automobile vehicles and industry, are toxic and
harmful to the environment. Nitrogen oxides (NO,) are
increasingly present in urban atmospheres and are hence
monitored. For automobiles, ever stricter standards are being
promulgated, and since 1993, gasoline vehicles have been
equipped with “three-way” catalytic converters, simulta-
neously removing NO,, unburnt hydrocarbons and carbon
monoxide (CO).

Diesel engine vehicles, which are in principle less
polluting, are now equipped with catalytic oxidation
converters to remove CO and unburnt hydrocarbons, but not
NO,. Forthcoming European standards will nonetheless
impose the development of a process to eliminate released
NO,. The solution adopted for gasoline vehicles (three-way
catalysis) isineffective for Diesel engines (aswell asthe new
“lean burn” engines) because the proportion of oxygen in the
Diesel exhaust gases is much higher (5 to 15 against 0.2
to 2%). Since the ambient environment is oxidizing, the
reduction of NO, becomes difficult.

In the early 1990s, the first catalyst was discovered for
reducing NO, (“DeNO, catalyst”) by a hydrocarbon (assumed
to be unburnt leaving the engine or directly injected into the
catalytic converter) in oxidizing medium. Since then, many
catalyst systems have been proposed for this reaction. They
can be classed in three main categories:

— zeolites exchanged by metdls;
— metallic oxides,
— noble metdls, particularly supported platinum.

To assess the activity of materials, which are potential
NO, reducing catalysts, with hydrocarbons in oxidizing
medium, an analytical system was developed designed to
combine tracking catalyst reactivity with analysis of the gas
phase by infrared and/or mass spectrometry, and direct
observation of the species present on the catalyst surface
in reaction conditions by in situ infrared spectroscpopy.
Initially, it was intended to identify the NXOy species
adsorbed on the surface of the materials as a function of
temperature, track their thermodesorption, and subsequently
monitor the adsorption of NO, at different temperatures
during regeneration of the catalyst by hydrocarbon pulses.

Since many of theses materials transmit very little or no
IR radiation, in the nitrogen oxides region, it is necessary to
resort to diffuse reflection infrared spectroscopy using the
DRIFT cell in situ at high temperature and pressure. An
apparatus was designed and assembled to prepare gas
mixtures in desired proportions, and send them to the DRIFT
cell. The following mixtures were used:

— 10% O, in argon for catalyst pretreatment or to dilute
the NO;
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— 600 to 1700 ppm NO in a 10% O,/Ar mixture (lean
phase);
— 1600 to 4800 ppm propylene (C;H,) diluted in argon (rich
phase).
The total flowrates ranged between 25-50 cc/min. The
materials, first pretreated (phase zero), were subjected to two
different atmospheres, and two distinct configurations
(phases 1 and 2) were provided for:
phase 0: pretreatment at 873 K under O,/Ar stream for
2h;

phase 1. NO, adsorption at different temperatures followed
by thermal desorption under O,/Ar stream;

phase2: NO, adsorption at different temperatures with
regeneration by hydrocarbon pulses.

This apparatus is well adapted to the study of NO,
trappers which work sequentially thanks to an adapted engine
control.

6.1 Description of the Gas Feed Assembly

Figure 25 shows the fluid portion of the gas mixer. It

comprises.

— gasinlets,

— two series of valves, manual and solenoid;

— 7 umfilters;

— mass flowmeters,

— two vaves, one four-way and one six-way, to alow the
gas mixtures into the DRIFTS cdll, making it possible to
impose openings and closures at given time intervals and
to create cycles.

229

This assembly makes it possible to monitor the type,
concentration and flowrate of the gas streams passing
through the cell containing the sample. The figure below
shows one of the four possible combinations of positioning
the two four- and six-way valves.

For the first nitration experiments at elevated temperature,
a cell designed to analyze the gas mixtures by infrared
spectroscopy was mounted at the outlet of the DRIFT
cell (Fig.25). The gas cell was placed in an ancillary
compartment of the same infrared spectrometer. Since the
cell volume was fairly large (about 50 cc), it was nonetheless
difficult to perform quantitative assessments, so that the exit
gases were only subjected to qualitative analysis.

6.2 DeNO, Catalysts
(Nitration at Constant Temperature)

The first tests were conducted on two reference materias: a
sample of composition Ba/Al,O, (160 m?/g, 18% w/w Ba,
loading 0.4), and a sample containing platinum PYALLO,. The
first experiments, on each product, consisted of nitration at
different temperatures (T, ) followed by desorption at
rising temperature (TPD).

The sample is first pretreated for 2 h at 873K under a
stream of 25 cc/min composed of 10% O, in Ar. After the2h
interval, the temperature is lowered to T, ... Nitration
takes place by adding 600 ppm NO into the pretreatment gas
stream. During nitration, a DRIFT spectrum of the surface,
with a single beam, is recorded every 5 min. After 1 h of
nitration, the NO intake is cut off and replaced by a stream
of O,+Ar. After about 30 min at T, the sample is
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Figure 25

Complete gas mixer with gas cell.
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progressively heated to 873K (at 5 K/min) to analyze the
stability of the species formed. During desorption, a surface
spectrum is recorded every 5 min.

The following nitration temperatures were considered:
423, 473, 573 and 673 K. From the operating standpoint, note
that the NO + O, + Ar mixture must be stabilized before
being sent to the cell. Thisiswhy, during pretreatment of the
sample under O, + Ar, the mixture containing NO circulates
and is sent to the vent for about 1 h. A check is performed to
ensure that the intengities of the infrared bands (proportional
to the respective concentrations) of NO and NO, remain
constant. By adjusting the position of the four- and six-wave
valves, the gas phases containing NO and containing no NO
can be sent to the cell alternately (cf. Fig. 27).

6.2.1 Ba/Al,O,, Nitration at Different Temperatures

As an example, the diffuse reflection spectra during 1 h of
nitration at 573 K are shown in Figure 26. These spectra,
from reprocessed single beam data, were obtained using as a
background the single beam spectrum of the activated
catalyst surface recorded just before nitration (at T, ion)-
The spectra thus directly show the bands of the species
present at the material surface. The presence of structural
bands of the sample below 1100 cm™ limits the useful
spectral region to 4000 to 1100 cm™. The spectra are aways
presented in common scale. Various procedures are available
for reprocessing the spectra, and the idedl one is still subject
to debate. The DRIFT spectra shown here were al obtained
using the activated surface of the catalyst at a given
temperature as the background.

From the first spectrum at the start of nitration (t=0 min)
which displays no signa, Figure 26 shows the formation of a
series of bands of variable intensity over time. After 5 min, a

band a 1230 cm™ due to the presence of nitrite species on
the surface appears. The nearly exclusive formation of
nitrites is initially observed. After 30 min the spectrum
displays a very weak signal at 1475 cm™ due to the incipient
formation of nitrate species.

During nitration the nitrate bands (a shoulder at 1308 cm™
and the band at 1475 cm™) increase in intensity, but still
remain weak. After 40 min, the nitrite band remains constant.

The pattern of the spectra is different at 673 K (Fig. 27).
In this case, we initially observe the formation of nitrites
(band at 1229 cm™), followed by the appearance of nitrates
(1485 and 1296 cm™). Unlike the previous experiments, the
bands corresponding to nitrates become increasingly intense
and the gradua disappearance of the nitrite bands is simul-
taneoudly observed. After 1 h of nitration only nitrate species
are found on the catalyst surface. The quantity of nitrite
species goes through a maximum after about 20 min of
nitration. In general, the quality of the spectra is observed
to be increasingly weak with rising nitration temperature
because the diffusion of the IR beam on the sample decreases
with increasing temperature, so that the signal-to-noise ratio
decreases.

Let us consider the changes in the species on the catalyst
surface during de-nitrations at rising temperature (TPD).
After 1 h of nitration, the NO stream is cut off and the sample
heated from T, ..., t0 873 K under O, + Ar. This desorption
phase is monitored by analyzing changes in the spectra of the
species present either on the catalyst surface by DRIFTS, or
in the gas phase. The spectra of the surface and of the gases
leaving the DRIFTS cell are recorded every 5 min. It is
complicated to analyze the change in the bands of the species
present on the catalyst surface because of the diffusion of the
IR beam, which evolves as a function of temperature and
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Ba/Al,O,, DRIFT spectra of nitration at 573 K, variation
in bands during 1 h (activated surface background) (spectrain
common scale).

0.0080
0.0070F 60 min
1485

0.0060 40 min
20.0050
g 25 min
o 0.0040 20 min
0.0030 15 min
E
¥ 0.0020 5 min

t=0min
0.0010
0.0000 .
2000 1800 1600 1400 1200 1000 800
Wavenumbers (cm-1)
Figure 27

Ba/Al,O;, DRIFT spectra of nitration at 673 K, variation in
bands during 1 h (activated surface background) (spectra in
common scale).
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Pt/Al,O, DRIFT spectra, variation in species at the surface
during 1 h of nitration at 423 K (background first spectrum,
activated surface) (spectrain common scale).

which alters the ratios of the band intensities. Given the
difficulty of introducing correction factors, this anaysis is
not highly relevant in most cases. However, as an example,
Figure 28 shows the desorption spectra after nitration at 473
K on Ba/Al,O,. As expected, the only change concerns the
nitrite band around 1230 cm™ which disappears. The surface
isrestored from 700 K.

In this type of desorption (de-nitration) analysis, the
surface spectra (recorded with single beam and at variable
temperature) were processed with the (single beam) spectra
of theinitial surface recorded at the same temperatures.

6.2.2 Pt/Al,O,, Nitration at Different Temperatures

Figure 29 shows the variation in species of the catalyst
surface (P/AlLO,) during 1 h of nitration at 423 K. From the
first few minutes, a series of bands appears, increasing in
intensity during the experiment up to 55 min of nitration.
The bands at 1548 and 1584 cm™ can be attributed to
vN = O vibrations of the nitrate species [34] and the intense
band at 1836 cm™ to linear NO on the oxidized platinum
[35-37]. It is more difficult to attribute the bands of 1615
and 1993 cm™. The band at 1993 cm™ could result from
the adsorption of NO linearly on Pt(l1+) [33]. At this
temperature, in our system, a small quantity of CO is
present. The bands at 2128 and 2222 cm™?, respectively
attributable to CO,; /Pt and AINCO [33, 38], appear to
confirm this.

As to the experiments at high temperature: during
nitration at 473 K, the changes in spectra of the species at the
surface are quite Smilar to those at 423 K. The bands are the
same, the same frequencies, and only the nitrate bands are
relatively more intense.

The formation of a single very intense and complex band
is observed at 573 K with a peak at 1582 cm™, a shoulder at
1563 cm™ and less clearly defined shoulders at 1610 and
1629 cm™ (Fig. 30). This band increases progressively and
steadily over time and after 1 h, it is impossible to state
whether the maximum intensity has been reached. Weak
signals are also detectable around 1850 and 2221 cm™. The
same behavior is observed in the case of nitration at 673 K,
the peak of the band occurring at 1577 cm™ with a main
shoulder at 1610 cm™. Contrary to what was hitherto
observed, at this temperature the nitrate band grows more
rapidly in the first minutes of nitration, and after half an hour,
appears to have reached the maximum intensity. The
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Pt/Al,O,, DRIFT spectra, variation species at the surface
during 1 h of nitration at 573K (background first spectrum,
activated surface) (spectrain common scale).
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intensity of the bands at 1850 and 2221 cm™ is always very
weak. No further information was obtained from the analysis
of the gasesleaving the DRIFTS cell.

7 ANALYSIS OF CATALYSTS UNDER REACTIVE
ATMOSPHERE: NITRATION AND REGENERATION
BY HYDROCARBON PULSE

We then investigated the regeneration of the surface by
hydrocarbon pulses.

Experimental Conditions

Operating procedure:

Pretreatment conditions

— temperature rise from 298 to 873K (10 K/min) with
flushing by an oxygen/argon mixture (10% O, in Ar,
50 cc/min);

— plateau of 2 hat 873 K under O/Ar;

— lowering to T, (O,/Ar) recording of reference spectrum
(single beam).

Nitration and regeneration by hydrocarbon pulses

(propylene conditions):

— a T, = cst (423, 498, 573, 648 and 723 K) switching of
richness between lean phase (1700 ppm NO in O,/Ar,
total flowrate 50 cc/min) and rich phase (2000 ppm C;H,
in Ar, total flowrate 50 cc/min) every 3 min;

— tencyclesat each temperature (1 h of analysis);

— recording of a spectrum every 3 min, just before each
switchover.

The series of cycles was used to have a uniform response
of the system. The different plateaux succeed each other on
the same experiment and the temperature between T, and
T,.75 isincreased at the rate of 10K/min (under O,/Ar). The
same procedure is repeated over two separated experiments:
first only the species on the surface are analyzed (diffuse
reflection spectrum) and during the second experiment only
the gases leaving the DRIFTS cdll (“on-ling’ gas cell). The
successive experiments on the same sample are considered to
yield repeatable and consistent results.

— DRIFTS analysis: processing of the spectra using as a
background the single beam spectrum of the catalyst
surface at T; under O,/Ar just before starting the cycles.

— Gas analysis: recording of transmission spectra using
as background the spectrum of the cell under O,/Ar
(recording of reference spectrum daily before starting the
experiment).

Case of Ba/Al,O,

Figure 31 shows the DRIFT spectra of the species on the
surface of Ba/Al,O, during the ten richness switching cycles

at 573 K. These profiles were obtained by reprocessing the
single beam spectra with the activated catalyst spectra,
recorded at 573K under O,/Ar stream. At each cycle, one
spectrum (respectively of the surface (DRIFTS) or of the gas
phase leaving the cell (FT-IR)) was recorded. To guarantee
equilibrium conditions, the spectra were obtained after 3 min
of flushing (lean phase and rich phase respectively), before
the next switchover. The figure only shows the most
significant cycles. As in the case of simple nitration, some
change in the bands is observed during 1 h of treatment.
During the first cycle under lean phase (NO/O,/Ar mixture
blanket) two bands appear, one very low intensity at
1609 cm™ and a second more intense band at 1225 cm™.
The second can be attributed to a nitrite species, as previ-
ously observed in the case of simple nitration, while the
higher wavenumber band could be an indication of the
formation of nitrates or carbonate or hydrogeno-carbonate
species [M --- C(CO)OH], because of the presence of CO,
(corresponding bands in the gas phase, Fig. 32). During the
rich phase (C;Hg/Ar mixture) these two bands increase in
intensity (especialy the one at 1609 cm™) indicating that at
this stage of the experiment, the nitrites accumulate and are
not yet converted. In the next two cycles, the nitrite band
continues to increase in intensity. From the fourth cycle
(24 min of test) the nitrite band increases in lean phase and
decreases in rich phase. The decrease in this band under
propylene stream reveals some activity of the catalyst at this
temperature. Either the nitrites become nitrates (as observed
during the nitration test) or they are converted to organo-
nitrate species. In fact, two weak bands appear at 2166 and at
2234 cm™1, which can be attributed respectively to cyanide
and isocyanate species associated with Ba [39]. Their
intensities remain weak (even at the end of the tenth cycle).
Even if the band at 1225 cm™ decreases in intensity, it does
not disappear, indicating that alarge portion of the nitrites do
not react. The band at 1609 cm™2, however, seems to belong
to a species, either nitrate or hydrogeno-carbonate or other,
much more stable and which accumulates on the surface. In
Figure 32, the absorbance spectra of the gases leaving the
cell and corresponding to the same experiment are plotted.
At each cycle, in the lean phasg, in addition to the feed gases
(NO, NO,, N,0), the presence of CO, is observed, the
band intensity of which increases during the ten cycles.
Even with a C;H/Ar stream, the quantity of CO, increases,
which is clearly to be expected. CO, affects the combustion
of propylene, which appears to increase with time, reaching
equilibrium after half an hour of test: the CO, concentration
in the rich phase remains virtually constant. However,
since a quantification of the species is not possible, our
discussion is restricted to qualitative and relative quantitative
considerations.

After 1 h of richness switchover at 573K, the temperature
is raised to the next plateau (648 K) at the rate of 10 K/min,
under O,/Ar stream (50 cc/min). Before starting the same
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Ba/Al,O, DRIFT spectra of the surface during 1 h of richness
switchovers (lean phase (blue); rich phase (red)) at 573 K
(spectrain common scale).
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Ba/Al, O, FT-IR spectra of the gas phase leaving the cell
during 1 h of richness switchover (lean phase (blue); rich
phase (red)) at 573 K (spectrain common scale).

experiment at this temperature, the surface spectrum is
recorded, to serve as a reference to reprocess the successive
gpectra. Observation of the surface state a 648 K (Fig. 33, a)
shows that some species remain adsorbed on the catalyst,
which have accordingly resisted the heat treatment under O,.
Two bands can be distinguished, a very intense band at
1227 cm™ and a second less intense band at 1609 cm™2.
Nitrites and nitrates (or hydrogeno-carbonates) are still
present on the surface, but the cyanates and isocyanates have
been diminated (bands at 2166 and 2134 cm™).

Figure 34 shows the species corresponding to the cycles at
648 K. During the first cycles, the quantity of nitrite increases
during the lean phase (cf. the band at 1228 cm™ grows in
intensity) and then decreases in the rich phase, either due to
the hydrocarbon or because they are converted to nitrates.
From the fourth cycle, two bands appear at 1301 and about
1431 cm* which seem to correspond to the bands of nitrates
formed during the simple nitration experiments (Fig. 26). By
simultaneoudy analyzing these two experiments, we find the
same pattern. The nitrites formed initially are then converted
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Ba/Al,O, DRIFT spectra of the surface under O,/Ar before
the test, a) at 648 K; b) at 723 K (spectra subtracted from the
surface of the start of the experiment at 573 K; common
scale).
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to nitrates (more stable). From the sixth cycle on there is
virtually no formation of the nitrite band, but the bands at
1301 cm™ and 1430 cm™ increase steadily in intensity at
each cycle. Hence at this stage we probably observe the
direct formation of nitrates. At the same time, a very weak
signal, due to gaseous CO,,, appears around 2350 cm™. Note
also the appearance of a negative band at about 1600 cm™
which increases in intensity after 1 h. This negative band is a
consequence of the removal of the species (carbonate, nitrate
or other) which remained attached to the surface after the test
at 573 K and which is no longer stable at 648 K. Also
observed is the absence, in this experiment, of the two bands
around 2166 and 2234 cm™.

The gas phase spectra provide us with no new data and the
band pattern is perfectly comparable to that of Figure 32.
The quantity of CO, increases during the operation, in lean or
rich phase. It can be concluded that at 648 K we first observe
the formation of nitrites which are converted to nitrates, and
a the same time, the disappearance of certain species which
remained on the surface from the previous test. Moreover, no
formation of organo-nitrate species was observed.

Analysis of the catalyst spectrum at 723K before starting
the next steps (spectrum recorded under O,/Ar after the test at
648 K) (Fig. 33, b), shows that the composition of the bands
remaining on the surface has changed. The band at 1607 cm™
has nearly disappeared and instead of the band at 1227 cm™
we find a very intense band at 1293 cm™, as well as
low intensity bands at 1410 and 1483 cm™. These concern
species that are either nitrates, or carbonates which are stable
enough to remain on the surface at this temperature.

The spectra obtained from the test a 723 K are shown in
Figure 35. The band pattern is relatively similar to the one
described for the test at 648 K, but some differences must be
emphasized. As at the lower temperatures, a nitrite band at
1225 cm™! increases during the lean phase of the first cycles
and disappears under the rich mixture at the same time as the
formation and increase of the band at 1300 cm™. After about
40 min of switchover, the nitrites at 1225 cm™ no longer
appear. The band at 1300 cm™ increases in intensity under
lean mixture and decreases under a rich mixture, and new
bands emerge at 1395 and 1480 cm™L. At higher wave-
numbers, the band of the species at 1600 cm™ appears to
form initially under a rich mixture and then decreases in a
lean phase and during the experiment. In the final cycleit is
no longer formed. More interesting is the behavior of the two
bands at 2164 and 2224 cm™. These bands, attributed to
barium cyanates and isocyanates, had already been observed
during the test at 573 K, where they displayed a weak but
constant intensity. At 723 K, by contrast, these bands have a
medium and decreasing intensity over time, but more
importantly, they completely disappear during each lean
phase and are re-formed under rich phase. This could mean
that at this temperature the NO, are partially reduced via
cyanates and isocyanates. The confirmation of this possibility
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Ba/Al,O, DRIFT spectra of the surface during 1 h of richness
switchovers (lean phase (blue); rich phase (red)) at 723 K
(spectrain common scale).

would require a gas chromatography or mass spectrometry
analysis to check the presence of nitrogen in the exit gases.
CO, (band at 2350 cm™) is present in larger quantities, an
indication of the combustion of propylene.

The corresponding gas phase spectra again display no
major differences to those discussed in the first test at 573K
(Fig. 32). Hence they provide little additional data. The CO,
band is apparently dightly more intense, but is difficult to
quantify.

From these few richness switchover tests, a number of
genera conclusions can be drawn. As observed in the smple
nitration tests, at low temperature nitrites are formed on the
catalyst surface. Ba/Al,O, trapsthe NO,. At high temperature,
part of the nitrites is converted to nitrates and other species
appear (probably carbonates or hydrogeno-carbonate). Finally
at 723K, organo-nitrate species appear to form under rich
phase, and then disappear under lean mixture. This behavior
suggests apartial reduction of NO, via cyanate and isocyanate
(DeNO, action) at higher temperature.

Case of Pt/Al,O,

The same richness switchover experiment was conducted on
this catalyst. The sample placed in the DRIFT cell was
subjected to ten successive cycles of richness switchover
from lean phase (NO/O,/Ar) to rich phase (C;H4/Ar) (3 min
and 3 min) at the following temperatures: 423, 498, 573, 648
and 723K. The spectra recorded in single beam were
reprocessed with that of the catalyst “activated” for 2 h under
O,/Ar a 873 K and recorded at 423K.

Figure 36 shows the DRIFT spectra of the most signifi-
cant cycles of the test at 423 K. From the first cycle we
observe the formation of specific bands which steadily
increase in intensity during one hour of test. Between lean
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P/AlL,O, DRIFT spectra of the surface during 1 h of richness
switchovers (lean phase (blue); rich phase (red)) at 423 K
(spectrain common scale).

phase and rich phase there are no wide variations. We shall
therefore merely discuss the final cycle. Compared with the
simple nitration test, we observe the medium intensity band
at 2132 cm™ attributed to CO on oxidized Pt [38]. On the
contrary, neither the isocyanate band on Al at 2222 cm™
(AINCO) [38], nor the NO band on Pt3* at 1836 cm™, nor
the two nitrate bands at 1584 and 1548 cm™, are observed.
Other bands appear. The shoulder at 2170 cm™ can be
attributed to an isocyanate on Pt (PtNCO) [34, 38]. The bands
at 1700 and 1477 cm™ suggest the presence of hydrogeno-
carbonate (OCOOH) and those at 1593, 1395 and 1375 cm™
suggest formiates (OCOH) on alumina [40]. The signa

at 1614 cmt is more difficult to attribute, but is probably due
to the presence of water.

Figure 37 shows the DRIFT spectra pertaining to the tenth
cycle (lean and rich phase) at rising temperature (423, 498,
573, 648 and 723 K). The attribution of the band at 1613 cm™
to water appears to be confirmed in its disappearance at
498 K. At this temperature, the main species are still the
hydrogeno-carbonates and formiates. The formiate bands are
much more intense, indicating a predominance of these
species. From 573K on the contrary, different bands are
observed. At 2156cm™ a wide medium-intensity band
already attributed to the CN group on Al and at 1567 and
1466 cm™! two intense bands of the carboxylate species of the
acetate group (OCOCH,,) [39] are observed. The isocyanates,
hydrogeno-carbonates and formiates are no longer observed.
At higher temperature (648 K) the acetate bands begin to
decrease in intensity and that of the AICN increasesto reach a
maximum. The band a 1404 cm™ cannot be attributed. At
the maximum temperature (723 K) few species remain on the
surface. (The band intensities are all sharply decreased and
the surfaceisincreasingly clean).

Some additional data are supplied by the analysis of the
gas spectra leaving the DRIFTS cell (Fig. 38), corresponding
to the spectra of the surface adready discussed. The quantity
of CO, under rich phase increases with temperature,
confirming that propylene and/or its oxidation products are
consumed. Also observable from 573 K is the presence of
CO in the gas phase (low intensity band at about 2150 cm™).

In conclusion, richness switchovers on a PYAILO, catalyst
tend to promote the reduction of NO,. The reaction mecha-
nism often proposed in the literature suggests the initial
reduction of NO by dissociation of the NO adsorbed on the Pt
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P/AlL,O, DRIFT spectra of the surface during 1 h of richness
switchovers (lean phase (blue); rich phase (red)) at different
temperatures: X" cycle (spectrain common scale).
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sites, followed by the combination of adsorbed N and NO to
form N, or N,O gas [41]. Propylene acts as a reducing agent
in this context: by oxidizing to carboxylate and formiate, it
releases the Pt sites of excess oxygen [41]. The resultsthat we
obtain confirm this mechanism, although analysis of the
nitrogen leaving the DRIFTS cell and quantification of the
products would be necessary to validate it. We can nonethe-
less state that the reduction of NO, does not cause the
formation of N,O, as suggested in the mechanism reported
above, because no increase in the intensity of the corre-
sponding band is observed in the gas phase spectra (Fig. 38).

CONCLUSIONS

These examples illustrate the broad range of data provided
by the DRIFTS. We started with the smplest system, namely
the recording of powder spectra at ambient temperature,
which was complicated to permit temperature tracking with
the recording of in Situ spectra under inert or reaction atmo-
sphere. We thereby investigated various types of catalysts,
zeolites, boehmites and modified aluminas. The main
advantages of this technique reside in the ease of sample
preparation and the ability to analyze nontransparent
materials, which could not be analyzed by transmission
infrared spectroscopy. Besides, since the spectra are recorded
in situ, one can “see” the catalyst working by monitoring the
changes of species on its surface. The infrared spectroscopy
analysis of the gases leaving the DRIFTS cell provides
additional data: the gas mixtures can obviously be adapted
according to the reaction investigated.

The information that can be obtained by diffuse reflection
infrared spectroscopy remains qualitative, because the
technique does not alow high quality quantitative measure-
ments. However, a number of methods can be considered for
quantitative analysis of the gases leaving the DRIFTS cdll:
gas chromatography if permitted by the type and quantity of
the gases to be analyzed, or even mass spectrometry.

The technique could also permit analyses not only at
atmospheric pressure but also under several tens of bar,
suggesting the use of DRIFTS spectroscopy as a tool for
characterization designed for work on catalysts in conditions
very similar to those encountered during a catalytic action.
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