JOURNAL OF CATALYSIS 112, 93-106 (1988)

Characterization of a Novel K-Co—-Mo/Al,O; Water Gas Shift Catalyst

|. Laser Raman and Infrared Studies of Oxidic Precursors

V. KETTMANN,* P. BALGAVY,* AND L. SokoL*t

*Department of Analytical Chemistry, Faculty of Pharmacy, Comenius University,
83232 Bratislava, Czechoslovakia, and tInstitute for Chemical Utilization of Hydrocarbons,
ChZ CSSP, k.p. Chemopetrol, 43670 Litvinov, Czechoslovakia

Received December 12, 1984; revised August 14, 1987

The oxide form of a novel low-temperature and completely sulfur-tolerant K-Co-Mo/AlLO;
catalyst with high activity and selectivity for the WGS reaction has been prepared by a kneading
procedure and studied by infrared and Raman spectroscopy. To facilitate the characterization of
the catalyst, K/ALLO;, Co/Al;03, Mo/AlQO;, Co—Mo/Al,O;, and K—Co/Al,O; samples prepared
under the same conditions have been studied simultaneously. The results on the whole set of
samples showed clearly that potassium exerts a major control on the mode of interaction of
molybdenum species with the alumina surface. In the absence of potassium, molybdena grows
epitaxially on the y-AlLO; surface and is grouped in heterogeneous clusters which structurally
resemble ammonium polymolybdates with varying degrees of aggregation. Removal of NH, ions
due to the addition of K,CO; to Co-Mo/Al,O; leads to the formation of the K;Mo,0; phase
probably bound to specific sites of the y-Al,O; surface. A mechanism is proposed for the K;Mo,0;
formation in which surface acidic hydroxyls play an active role. In contrast to molybdenum, cobalt
seems to be unaffected by the prescnce of molybdenum or potassium; the results indicate that
cobalt either is dissolved in the y-Al,O; surface layer or at least selectively blocks octahedral sites

of the y-alumina surface. © 1988 Academic Press, Inc.

INTRODUCTION

As 1s well known, coal-derived synthesis
gas (CO,H,; H,/CO =< 1) must be subjected,
before utilizing it for synthesis of ammonia,
cthanol, or other oxygenates, to hydrode-
sulfurization (HDS) and water gas shift
(WGS) reactions. The latter have been re-
ported to be catalyzed by a number of mate-
rials (I-4), although iron- and copper-
based catalysts are used almost exclusively
in industry as WGS catalysts (5, 6). Al-
though iron-based catalysts can tolerate
small quantities of sulfur, if large-scale con-
version of high-sulfur-level coal is to be ap-
plied, the relatively large sulfur concentra-
tions found in the syngas would diminish
the activity of these catalysts. Thus, com-
pletely sulfur-tolerant low-temperature cat-
alyst with high activity and selectivity for
the WGS reaction would be desirable.
Moreover, if such a catalyst was not only

sulfur tolerant but if its activity was even
enhanced by sulfur, then single-stage WGS
reactors with only one subsequent step to
remove CO, would be sufficient for pure
hydrogen production.

Newsome (7) pointed out that K,CO;
added to commercial Co-Mo/Al,O; HDS
catalyst develops catalytic function for the
WGS reaction while maintaining some of
the HDS activity. Our studies confirmed
that conclusion; in addition, the catalyst
was further developed by one of us (L.S.)
by optimizing on an empirical basis the cat-
alyst composition and preparation condi-
tions, finally meeting all the above require-
ments. After a few preparation steps the
catalyst is pretreated under quite mild ther-
mal conditions and finally activated by a
H;S/H, mixture or directly in the feed
stream to the reactor. A number of Czech
patents have been granted on these subjects
(8-11).
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In contrast to Co-Mo/AlLO; HDS cata-
lysts, which have been extensively studied
(12~-15) only a few reports have appeared
on the more complex system K-Co-Mo/
A1203 (OI' K/A1203, K—MO/A1203, etc.).
This is rather surprising considering the
high industrial importance of the system.
Krupay and Amenomiya (/6) have reported
that potassium on alumina weakens the
bond between the oxygen and the surface.
The effect of KNOs (as well as nitrates of
other alkali metals) on the nature of molyb-
denum species supported on y-ALO; has
been studied by Kordulis et al. (17). At 673
K all the alkali cations except Li* inhibited
the reduction of Mo(VI) to Mo(V) and in-
duced a transition from octahedral to tetra-
hedral coordination symmetry in the
Mo(VI) species. The studies of Kant-
schewa et al. (18) on the effect of K,CO;
additive on the structural and chemical
properties of a conventional Ni-Mo/AlOs
catalyst have led to principally the same
conclusion.

In an effort eventually to characterize the
industrial K—-Co-Mo/Al,O3 catalytic sys-
tem, our research strategy has been first to
simplify it by studying the K/ALOs, Co/
A1203, MO/A1203, K—CO/A1203, and Co-
Mo/AlL,Os; systems at various stages during
fabrication of the catalyst. By determining
what types of metal-support interactions
occur in K/AlLOs;, Co/ALO;, and Mo/AlLLO;
catalysts, a better understanding of struc-
tural and chemical behavior in similar and
more complex catalytic systems (i.e., Co—
Mo/ALO;, K-Co/AlO;, and finally K-Co-
Mo/AlO3) can be gained. We have started
with an investigation of the oxidic forms
and report here on the structural and physi-
cochemical characteristics of oxide precur-
sors using laser Raman and infrared (IR)
spectroscopy.

EXPERIMENTAL

Catalyst preparation. The preparation of
catalysts has been described elsewhere (8-
11). In short, two types of alumina samples

were prepared from gibbsite (Ziar nad
Hronom, Czechoslovakia): (A) a ‘‘pre-
calcined’” alumina obtained by heating
gibbsite in air at 673 K; (B) microcrystalline
boehmite gel prepared by precipitation with
formic acid from an alkaline solution
(NaOH) of Al(OH):. The resulting gel was
dried in air at 393 K and crushed to fine
powder.

The surface area and the pore size distri-
bution of both aluminas were measured us-
ing N, adsorption at liguid-nitrogen temper-
ature after evacuation of the samples.
Alumina A has surface area 170 = 10 m?/g
and average pore diameter ca. 30 A; the
crystallite size (as determined by X-ray line
broadening (19)) was 70-80 A, and the par-
ticle size (agglomerates of crystallites) was
0.1-0.2 mm. Alumina B (surface area 200 *
20 m?/g) has a bidisperse pore structure, a
small fraction of micropores ranging from
10 to 50 A, and a large fraction of macro-
pores 0.5-1 pum in diameter. X-ray powder
diffraction indicated the crystallite size to
be <30 A.

To obtain the resultant support, alumina
A and alumina B were mixed together in the
weight ratio of 4:1. Catalysts were pre-
pared by mixing weighed amounts of the
support and active components (Co(NOs),
- 6H,0, (NH4);Mo00O,, and/or K,COs) with a
small amount of water and mulling into a
paste using a kneading machine. The paste
was shaped to cylindrical pellets, 6 mm di-
ameter and 10-20 mm long, and finally
dried at 393 K prior to use. The catalysts so
obtained are designated K/AlL,O;, Co/
A1203, MO/AIzO}, K—-CO/A1203, Co-Mo/
AL O;, K-Co-Mo/Al,Q3, and Co-Mo-K/
AL O;, where the order of active metals
represents the order of addition of the re-
spective salts to the kneading mixture.
Loadings (expressed as grams of K, Co, or
Mo per 100 g of catalyst) were determined
from aliquots of the final dried catalysts us-
ing atomic absorption spectroscopy, and
are K/AlLO;, K 10.0; Co/AlLO;, Co 1.8;
Mo/ALO;, Mo 5.6; Co—Mo/AlLOs, Co 1.7,
Mo 5.2; K-Co/AlLO,, K 9.3, Co 1.5; K-
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Co-Mo/AL,O; and Co-Mo-K/ALLO;, K
8.4, Co 1.4, Mo 4.4.

Physicochemical Characterization. The
Raman spectra were recorded on a JEOL
JRS-1 spectrometer, equipped with an ar-
gon ion laser (Coherent Radiation 52, 488.0
nm line). The power of the laser, measured
at the sample, was 60 mW, and the scan
speed varied between 25 and 100 c¢cm™!
min~!. The slitwidth was 12 cm™! and the
sensitivity was adjusted to the intensity of
the Raman signal. The samples were pellet-
ized before and rotated during analysis (40
Hz) to minimize sample heating and/or deg-
radation.

IR spectra were recorded using a Perkin-
Elmer 377 dual-beam spectrometer. Disks
of 30 mm diameter, weighing 0.40 g, were
produced by pressing the samples (2 mg)
with dried KBr (0.4 g) as a support mate-
rial. Attenuation of the reference beam was
used to enhance the quality of the spectra
and the nominal spectral slitwidth used was
typically 4 cm~!. To facilitate the interpre-
tation of the results, IR examination was
also performed on samples calcined in air at
723 K.

Powder X-ray diffraction patterns were
obtained from the crushed pellets on a Phil-
ips PW 1050-25 vertical diffractometer.

DTA measurements were carried out on
a DuPont 950 apparatus equipped with
high- and medium-temperature cells, using
calibrated Pt—-10% Rh and Cr—Al thermo-
couples.

RESULTS AND DISCUSSION
A. Support

As the real industrial K-Co-Mo/AlO;
catalyst operates under a high partial pres-
sure of water vapor, the preparation of the
support was chosen so as to minimize the
changes in water content during the manu-
facturing process of the catalyst. On the
other hand, the composition of such a sup-
port is likely to be of poor reproducibility.
In fact, the X-ray diffraction results (not
shown here) clearly indicate that during cal-
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Fi1G. . Infrared transmission spectra of two types of
alumina and reference compounds: (a) alumina A, (b)
alumina B, (¢) K,CO;, (d) Co(NO,), - 6H,0, (e)
(NH4)2MOO4.

cination of AI(OH); (to prepare alumina A),
the solid is not completely dehydrated so
that alumina A finally consists of a mixture
of AI(OH);, y-AlIO(OH), and v-AlQ;.
Based on the integral intensities of the
X-ray lines, the composition of the alumina
A used in this particular study was 16 wt%
Al(OH);, 22 wt% y-AlIO(OH), and 62 wt%
v-Al,O;. Then, after the mixing of alumina
A and alumina B in the 4:1 weight ratio,
the content of y-AlL,O; in the final support
was ca. 50 wt%.

IR spectra of both aluminas (Figs. 1a and
b) are dominated by strong and broad ab-
sorption bands centered at 3450 and 1640
cm™!, corresponding to stretching and
bending frequencies found in the spectrum
of liquid water. As revealed from DTA and
TG measurements, this water in both alu-
minas was associated with both adsorbed
and capillary-held (in fine micropores) mo-
lecular water. The spectrum of Fig. 1a also
confirms the presence of gibbsite (bands at
3620, 3520, 3465, 3380, and 1025 cm™!), and
boehmite (bands at 3300, 3100, and 1075
cm~!) in alumina A (20-22).

B. K/IALO;

To provide a basis for interpretation of
the vibrational spectra of the catalysts, we
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F1G. 2. Raman spectra of reference compounds: (a)
K;,CO;, (b) Co(NO;), * 6H,0, (c) (NH),MoO,.

recorded both IR and Raman spectra of the
pure compounds used in the catalyst prepa-
ration. These are reproduced in Fig. 1 (IR)
and Fig. 2 (Raman).

Figure 1c shows the IR spectrum of
K,CO;; all four normal modes of CO3%™,
vi(A}), v(A3), 1r(E’), and wy(E’) at 1060,
870, 1410, and 690 cm™!, respectively (23),
can be seen in the spectrum (the apparent
splitting of the 1410 cm~! band together
with the presence of the normally forbidden
v; band indicates some distortion from Ds,
symmetry). A comparison with the spec-
trum of the K/Al,O; sample (Fig. 3b) dem-
onstrates that K;CO; reacted with the sur-
face of the support. The broad band
centered at 1410 cm~' was further split into
two new strong bands at 1530 and 1410
cm~! formed by the reaction. Another
strong band at 1000 cm ™! and a band of me-
dium intensity at 3440 cm~! appeared simul-
taneously, while the 870 cm~! band re-
mained unchanged. Also two weak bands
(or shoulders) at 1100 and 1200 cm~! ap-
peared along with the above five bands. In-
spection of Fig. 3 (and Fig. 6 presented
later) shows that the seven bands were

present in the spectra of all samples con-
taining K,CO; and that their absorbance
varied in a constant ratio indicating that all
these bands belonged to the same species.
The 3440 cm~! band is most reasonably an
OH stretching mode suggesting that the
species contained a hydroxyl group.

In many respects, the IR spectrum in Fig.
3b resembles those reported for CO or CO,
adsorption on y-Al,O;, K,COs/AlOs, or
other oxides (16, 18, 24-26). Numerous
such studies exist and a number of carbon-
ate and/or bicarbonate (as well as carboxyl-
ate) structures have been proposed for the
chemisorbed species. Of these, however,
the only species containing hydroxyl is a
bicarbonate group; for example, Parkyns
(24, 25) assigned bands at 3605, 1640, 1480,
and 1235 cm~! observed for CO, adsorp-
tion on y-alumina to, respectively, »(OH),
v,5(CO), vym(CO), and 8(COH) modes of a
bicarbonate group coordinated in monoden-
tate form to aluminum. Consequently, the
assignment of the 1200 cm~! band observed
in this study to C-O-H in-plane bending
mode is rather straightforward. Similarly,
the band at 3440 cm™! is directly attribut-
able to the O-H stretching mode of a bicar-
bonate; the downward shift in frequency
from 3605 cm~! may be caused by hydrogen
bonding (the IR studies of Parkyns were
conducted at temperatures higher than 673
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F1G. 3. Infrared transmission spectra of (a) alumina
support (4 : 1 mixture of alumina A and alumina B), (b)
K/ALO,, (¢) Co/Al,Os, and (d) Mo/AlLQ; after drying
at 393 K.
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K where one may expect the presence of
isolated bicarbonate groups). This was also
demonstrated by Bernitt et al. (27) who ob-
served a band at 3390 cm~! for monomeric
(weakly) hydrogen-bonded bicarbonate
ions obtained by heating crystalline (di-
meric) KHCO; directly in a KBr matrix.
Nevertheless, the displacement of two C-O
stretching bands (1530 and 1410 cm™! vs
1640 and 1480 cm™') was too large to assign
them as corresponding modes of monoden-
tate bicarbonate.

The frequencies of these bands, how-
ever, are very close to those for the asym-
metric and symmetric COO stretching vi-
brations generally found in the spectra of
carboxylates (23, 28). This may give a ¢lue
to the assignment of the IR bands of the
surface species. It is well known that the
two COO stretching modes of the carboxyl-
ate groups undergo a very small coupling
contribution from other vibrations; in con-
trast, the COO stretching frequencies are
highly sensitive to the way in which the car-
boxylate is coordinated to the metal atom
(28). Thus, in examining the effect of coor-
dination on the COO stretching frequen-
cies, it is important to interpret the results
based on the structures obtained by X-ray
analysis. From such studies it can be in-
ferred that the separation between the two
stretching frequencies decreases to about
125 cm™! when the carboxylate coordinates
in bidentate form to the metal (29); for ex-
ample, bidentate coordination is reported
for Zn(ac), - 2H,0 (30) and the correspond-
ing separation between the COO stretching
frequencies is 95 cm™! (28). Thus the 120
cm™! separation observed in this study is in
accordance with bidentate behavior of the
carboxylate group. These facts led us to
conclude that species I must be responsible
for the spectrum 3b.

(m

The position and intensity of the so far un-
assigned band at 1000 cm~! show that it
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FiG. 4. Infrared transmission spectra of (a) K/Al,O,,
(b) Co/AlLLOs, and (c) Mo/AlLO, after calcination at
723 K.

may be due to the C—OH stretching mode.
The shoulder at 1100 cm™! is most probably
assoctated with », vibration of the CO; skel-
eton becoming IR-active since this band
was also observed at the same position in
the Raman spectrum presented below in
Fig. 5a and was thus shifted upward from
1075 ¢cm™! compared to the Raman spec-
trum of pure K,CO; (Fig. 2a). It is impos-
sible, however, to decide at this stage
whether species 1 is bonded to aluminum or
potassium (M = Al or K). The presence of
this species even after calcination at 723 K
(Fig. 4a) demonstrates its high thermal sta-
bility.

In contrast to surface species of adsorbed
CO or CO; on alumina (or potassium-pro-
moted alumina), only a few studies have
appeared up to now in the literature con-
cerning the structures of alkali carbonates
on y-alumina (prepared by the impregna-
tion technique) (16, 18, 31). Although these
studies did not specify any definite state of
potassium, it seems likely that on drying or
calcination the surface hydroxyl groups re-
acted with the carbonate to form OK
groups. Although the present results did
not reveal the formation of surface KO,
the following reaction must be envisaged in
forming species I:

K;CO35™ + OH™ — HCO;5 + K70% (1)

The fact that the presence of K,O has not
been detected by X-ray diffraction should
be interpreted as meaning that K,O formed
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F16. 5. Raman spectra of (a) K/ALOs, (b) Co/ALO;,
and (c) Mo/Al, O, after drying at 393 K.

by reaction (1) did not segregate to form
microcrystallites but instead it was well-
dispersed over the surface. The loading of
K* (1.5 x 102! K* ions/g catalyst or 3.7 X
10" K* ions/m? y-ALOs) in our K/ALO;
catalyst was such that one O jon per
every five OH™ ions was created on the
v-ALQOj; surface due to reaction (1), This
surface concentration of K,O was calcu-
lated by assuming that K,CO; reacted only
with the y-Al,O; component of the support
(50 wt% y-Al,03, 170 m?/g) and by using the
concentration of 0.93 x 10 OH~ ions/m?
y-Al,O; for the (110) crystal plane of
v-Al,O3 which is generally accepted to be
preferentially exposed (32, 33).

C. CO/A1203

As shown in Figs. 1d and 2b, pure
Co(NO3), - 6H,O exhibits two vibrational
bands of H,O (3450 and 1640 c¢m~!) and
three bands at 1385, 825 (IR-active), and
1050 cm~! (Raman-active) which are identi-
fied, respectively, with the »;, vy, and v,

normal modes of NO;. The assignment of
the relatively intense band at 530 cm™! (Fig.
2b) is less clear and requires some discus-
sion. To our knowledge the Raman spec-
trum of this compound is not reported in
the literature. It is, however, reported that
the 450-650 cm™! range is characteristic of
wagging vibrations of coordinated water
(28, 34). Nakagawa and Shimanouchi (34)
have also carried out normal coordinate
analysis on the [M(H,0)] (T, symmetry)
ions and have shown that the H,O wagging
mode belongs to the triply degenerate Ra-
man-active F, species. As is apparent from
Fig. 5b, this band was upon deposition on
the support replaced by three bands at 520,
535, and 570 cm™!; i.e., a splitting of the 530
cm~! band of pure Co(NOs); - 6H,0O oc-
curred. This splitting suggested that a spe-
cies [Co(H,0)s)** on the catalyst remained
intact but became considerably distorted on
binding to the surface. Hence, if the inter-
action with the surface of the support oc-
curred, e.g., through hydrogen bonding,
then it had to be substantially stronger than
that in bulk Co(NOs), - 6H,O (35).
Another possibility exists to account for
the spectrum in Fig. 5b, namely that the
cobalt was incorporated into the y-AlOs
surface layer (into the octahedral sites as
will be discussed later). If this were true,
a partially dissociative adsorption of
[Co(H,0))** would be expected; as a
result, cobalt atoms would be surrounded
partly by oxygen atoms as well as by water
molecules. The occurrence of the well-re-
solved triplet bands could then be due to
the occupation by water molecules of
slightly different configurations induced by
surface heterogeneity. If this possibility ap-
plies, one should observe Raman bands
corresponding to Co-O stretching modes at
around 690 cm~' as they have been ob-
served, e.g., for Co;04 or a-CoMoO, on
v-alumina in which Co?* exists, respec-
tively, in distorted tetrahedral or octahedral
environments (36, 37). The failure to ob-
serve a Co—O stretching band in the Raman
does not necessarily preclude the existence
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of such a species since the band may not
have been detected under our experimental
conditions (15, 36).

Our data alone cannot distinguish be-
tween these possibilities; in any case, how-
ever, cobalt must be located at the surface.
In addition, as the three bands coexist in
spectra of all samples containing Co and
simply vary in intensity, the highly dis-
persed nature of the cobalt remains unef-
fected by the presence of other active
metals.

In contrast to cobalt, the symmetry of the
NO; environment increases on deposition
on the support; this is obvious from a com-
parison of the bandshape of the degenerate
vy(Dsy) vibration at 1385 cm~! in the IR
spectra of pure Co(NO3), - 6H,0 and Co/
ALO; catalyst (Figs. 1d and 3c). The
present data do not allow one to determine
the nature of this highly symmetrical NO5
environment; the calcination of the Co/
AlLO; sample at 723 K caused the degrada-
tion of the NOs, as shown in Fig. 4b.

D. Mo/ALO;

As shown in Figs. le and 2c, the vibra-
tional spectrum of crystalline (NH4)>MoO,
exhibits three bands at 900, 845, and 320
cm~! which are identified, respectively,
with v(A), vi(T,), and v4(T,) modes of
MoOj™ ions (in T, symmetry); also the IR-
active v; and v, modes of tetrahedral NHZ
at 3150 and 1400 ¢cm~! in the spectrum le
are clearly visible (23). Comparison of the
Raman spectrum 2¢ with that of Mo/AlO4
catalyst (Fig. 5¢) shows that (NH,4),MoO,
interacted with the surface of the support.
The spectrum in Fig. 5c is dominated by a
broad and asymmetric band between 900
and 950 cm™~! which is apparently split into
at least three distinguishable components
with maxima approximately at 945, 920,
and 900 cm~'. The broadening of this band
indicates that the Mo atoms in Mo/AlLO;
sample are not present in a well-defined
phase but rather are in slightly different
sites presumably in the alumina.

The Raman spectrum of this sample, es-

pecially the 900-950 cm ™! band, closely re-
sembles those reported by other workers
for corresponding Mo/ALOs catalysts pre-
pared by impregnation in wet, dry, or
calcined states (36—41); especially a resem-
blance to wet 8% Mo/ALO; catalyst pre-
pared by impregnation at pH 11 as reported
by Jeziorowski and Knoézinger (JK) is re-
markable (38). Consequently, the Raman
spectrum observed in the present study can
be interpreted in a similar way. JK inter-
preted their spectra on the basis of similar-
ity with the spectra of molybdenum-oxy-
gen isopolyanions which are preferentially
built up by edge-sharing MoO¢ octahedra
and usually give rise to Raman bands in five
characteristic frequency regions, namely at
200-250, 300-370, 500-650, 700-850, and
900-1000 cm ™!, which are usually assigned,
respectively, to Mo—O-Mo deformations,
Mo==0 bending vibrations, symmetric
Mo-0-Mo stretches, asymmetric Mo-O-
Mo stretches, and (symmetric and asym-
metric) terminal Mo=0 stretches. As the
position of the bands due to Mo=0O
stretches in polyanions is proportional to
the degree of aggregation, the appearance
of at least two bands above 900 cm™! indi-
cates the presence of two octahedral poly-
meric Mo species differing by the degree of
aggregation, while the band at 900 cm™! can
already be identified with the »; mode of
monomeric tetrahedral MoOj . The major
difference between the JK spectra and our
spectra involves the low-wavenumber re-
gion; contrary to JK, our spectrum contains
three pairs of well-resolved bands, one with
higher intensity and the other with lower
intensity, in the regions characteristic of
Mo-O-Mo symmetric stretches, Mo=0
bending vibrations, and Mo-0O-Mo defor-
mations. Obviously, these bands may be
considered as being due to the high-aggre-
gated and low-aggregated octahedral Mo
species. Also the v, mode of tetrahedral
MoOj™ clearly appears as a shoulder on the
more intense 315 cm™! band.

The surface structure of our Mo/AlLO;
catalyst may be most reasonably described
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by a combination of the monolayer and
patch models which have been reported for
related Mo/Al,O, catalysts prepared by im-
pregnation (42, 43), i.e., by the patch
model, the first layer of 3D patches (clus-
ters) being epitaxial in nature. The argu-
ments for this are presented below.

Judging roughly from the intensities of
the Raman bands (Fig. 5¢), the ratio of the
octahedral to tetrahedral Mo is approxi-
mately 3:1, which is the ratio of octahe-
dral to tetrahedral cation sites predicted
for the preferentially exposed (110) plane
of y-Al;O;. Thus the heterogeneous nature
and the relative amounts of octahedral and
tetrahedral Mo species suggest that the mo-
lybdena grows epitaxially on the y-alumina
surface. Stronger evidence for this conclu-
sion is given later (see the discussion on the
Co-Mo/AlO; catalyst). By analogy with
the impregnated Mo/Al,O; catalysts, for-
mation of such strongly interacted species
is expected to involve a reaction with sur-
face OH groups; thus, the following reac-
tion may be considered as a first step in
forming the epitaxial layer of molybdena
over the y-alumina:

-0 -
AN
MOOZ

-0
+ 2NH; + 2H,0 (2)

-OH-
+ (NH,),MoO, —
-OH~

As noted above, a Raman spectrum quite
similar to that in Fig. 5S¢ was obtained by JK
for the wet Mo/AlL,O; catalyst prepared by
“dry”’ impregnation at pH 11. At this pH
tetrahedral MoOj~ ions predominantly ex-
ist in the impregnation solution; i.e., an in-
corporation of Mo must have taken place
by essentially the same mechanism as that
depicted in reaction (2). This means that the
reaction of MoO3~ with surface OH groups
of y-Al;O; and subsequent rearrangement
of the surface to produce octahedral and
tetrahedral Mo interaction species already
occur at ambient temperature. Although
the Mo loading (3.5 x 10 Mo atoms/g cat-
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alyst) in Mo/AlLO; catalyst is somewhat
above the monolayer capacity of the
v-Al,O; present in our support, it is not suf-
ficient to remove all the OH groups ex-
pected to be present on the y-alumina sur-
face even if one assumes that two OH are
replaced by each MoOj~ according to Eq.
(2) and that an OH concentration of 0.93 X
10" OH groups/m? y-Al,0, is considered
(the surface concentration of OH groups
should be even higher for the y-Al,O; im-
mersed in H,0). In spite of this, some
amount of NHZ ions is still present in the
catalyst as shown in Fig. 3d where both IR-
active modes of NH; are clearly visible.
This might indicate that Mo grows as a
monolayer in small patches until a certain
portion of the y-Al,O; surface is covered.
Existing Mo patches could induce changes
in the y-ALOs; surface properties so that
further amounts of Mo interact with the
patches rather than with the free portion of
the surface. Two layers which are formed
by reaction (2) and terminate the spinel lat-
tice appear to serve as a matrix in forming
the multilayers; i.e., clusters of octahedral
Mo are formed over the aggregated Mo
placed in the octahedral sites of the first
epitaxial layer; similarly, once a tetrahedral
site in the alumina surface layer is occupied
by Mo, multilayers will also contain tetra-
hedrally coordinated Mo. Thus, NH{ ions
are in multilayers of the clusters per-
dominantly associated with the tetrahedral
Mo as some portion of the NH{ is removed
during the aggregation to form the octahe-
dral Mo:

}’(NH4)2M004 d (NH4)2y~xM0yo4y—x/2
+ x/2H,0 (3)

where y is the degree of aggregation.

E. CO—MO/A1203

The spectra are presented in Figs. 6, 7,
and 8. Addition of molybdenum to Co/
Al O3 (cobalt in our Co-containing catalysts
was always introduced prior to molybde-
num) resulted in dramatic differences in the
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F1G. 6. Infrared transmission spectra of (a) Co-Mo/
ALQO;, (b) K-Co/AlLOs, (¢) K-Co-Mo/Al,0Os, and (d)
Co-Mo-K/AlO; after drying at 393 K.

vibrational spectra, as indicated in Figs. 6a
and 8b. From a comparison of the Raman
spectra of Mo/Al,O; and Co—-Mo/Al,O; cat-
alysts (Figs. 5c and 8b) it is obvious that the
two bands at 920 and 900 cm™! present in
Mo/AlO; disappeared and were replaced
by a band at 907 cm~!. The position of this
band is intermediate between the assign-
ments to low-aggregated octahedral Mo and
monomeric tetrahedral MoO3™ and a simple
assignment of this band to either would not
be fully correct. Since, however, the band
about 320 cm ! (attributable to the v, vibra-
tion of MoO3") is clearly visible and has
considerably enhanced intensity compared
to that in Mo/ALQ;, it can be concluded
that the 907 cm~! band is due to the v, vi-
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FiG. 7. Infrared transmission spectra of (a) Co~Mo/
AlLO,, (b) K-Co/Al0s, (c) K-Co-Mo/AlLO;, and (d)
Co-Mo-K/Al,O, after calcination at 723 K.
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FiG. 8. Raman spectra of (a) K-Co/ALQOs, (b) Co-
Mo/ALO;, (c) K-Co-Mo/AlO;, and (d) Co—-Mo-K/
AlLQ; after drying at 393 K.

bration of monomeric tetrahedral molyb-
dates. A similar upward shift in the fre-
quency of the v, stretching mode was
recently also observed by Kantschewa et
al. (18) and was attributed to distortion of
tetrahedral symmetry due to bonding to the
surface. Considerable changes also occur in
the 300 to 600 cm™! region of the Raman
spectrum. In addition to the enhanced in-
tensity of the 320 cm™! band, most striking
is the disappearance of three pairs of bands
which were present in the spectrum of Mo/
AlOs (a pair of bands at 540 and 575 cm™!
would have been obscured by the Co triplet
bands but the other pairs are clearly absent)
indicating the presence of the aggregated
Mo species in too low a concentration to
give rise to Mo—-O-Mo low-wavenumber
bands at a detectable level. In other words,
monomeric tetrahedral Mo appears to grow
at the expense of the polymeric species.
This trend toward partial destruction of
polymolybdate species is consistent with
the data of Fig. 6a where the enhanced IR
intensity of NH; bands at 1400 cm™! (this
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band appears as a shoulder on the more in-
tense ‘‘nitrate’’ band) and the 3000 to 3300
cm~! region compared to Mo/Al,O; sample
implies in accordance with Eq. (3) an in-
creased percentage of the monomeric mo-
lybdates. Only a negligible amount of NO3y
in the calcined Co—Mo/Al,O; sample, pro-
ducing a weak residual v, band (Fig. 7a),
shows that NH{ ions were really associated
(similarly to that in Mo/Al,O; sample) with
the molybdates rather than with NH4;NO;
or NH4NO:-like species.

The Raman spectrum of our Co-Mo/
Al Os catalyst matches no known spectra of
Mo compounds (the trivial possibility that
the Co-Mo/Al,O; sample is a simple mix-
ture of polymeric molybdates and un-
reacted (NH,;),MoO, may be ruled out be-
cause of the shifting of the », band and
absence of the v, band at about 845 cm™!)
nor of any well-defined Co—-Mo phases re-
ported, e.g., for the corresponding impreg-
nated and calcined catalytsts. For instance,
both a- and B-CoMoO,, the latter being
structurally equivalent to the Co—Mo ‘‘bi-
layer’’ (44), should give rise to major bands
at about 960 and 690 cm™!.

As noted above, cobalt is not notably af-
fected by the presence of molybdenum, as
shown by comparison of Figs. 5b and 8b.
This as well as other experimental results
described above led us to conclude that co-
balt interacts strongly with the y-Al,O; sur-
face rather than with molybdenum. The na-
ture of the interaction must be such that
cobalt preferentially occupies octahedral
sites in the epitaxial layer on the y-Al,O3
surface or essentially intact [Co(H,O)sl**
ions selectively interact with specific sites
on the y-alumina surface, ultimately block-
ing the formation of octahedral polymolyb-
dates. Indeed, simple calculations, using
the Knozinger-Ratnasamy model of +y-
ALO; (33) and again assuming that (110)
planes predominantly terminate the y-Al,O;
crystallites, show that about 78% of the oc-
tahedral sites in the first epitaxial layer of
the y-Al,O; surface for this particular sup-
port is blocked (or occupied) by the Co
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loading (1.7 x 102 Co atoms/g catalyst) in
our Co-Mo/Al,O; catalyst. Remaining oc-
tahedral sites may be occupied by 0.9 wt%
Mo and surface tetrahedral sites can ac-
commodate 1.2 wt% Mo. A predominance
of tetrahedral over octahedral Mo is consis-
tent with the Raman intensities (Fig. 8b) but
only 2.1 wt% Mo is required to cover the
surface epitaxial layer of y-ALO;. A com-
parison with the total Mo loading (5.2 wt%)
shows that multilayers of Mo species must
have been formed even if a uniform cover-
age of the y-Al,O; surface is presumed. The
Mo phase, however, is most probably akin
to that in Mo/Al,Qj; catalyst, clustered into
small disordered three-dimensional patches
leaving some portions of the y-AlLO; sur-
face uncovered.

F. K—CO/A1203

As shown in Figs. 6b and 8a, the vibra-
tional spectrum of the K-Co/Al,O; sample
may well be described as a superposition of
the spectra of K/Al,O; and Co/Al,O; sam-
ples. This demonstrates that the nature of
the species present in K/ALO; and Co/
Al,O; samples are not mutually influenced
when deposited simultaneously on the sup-
port surface, the only exceptions being the
NO; and HCOj ions. Although the shape
of the v; band of NO;3 at 1385 cm~! in K-
Co/ALO; is very similar to that in Co/
AlLO;, the band in the former sample re-
mained, in contrast to the latter sample,
completely unaffected after the calcination
(Fig. 7b). This suggests that NOj ions in K-
Co/Al,O; exist in an environment different
from that of the Co/Al,Os. The sharpness of
the »; band precludes the existence of NOj
in the bulk-like low-temperature KNO;
phase (aragonite structure) (23, 28). Al-
though the similarity of the observed spec-
trum in Fig. 6b to that of the calcite-type
phase I of KNO; is much better, consider-
ing the high dispersion of potassium it is
more likely that NO; ions are also well dis-
persed due to the bonding to the surface
at the K+ sites. The precise nature of the
highly symmetrical NO; environment can-
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not be revealed from the data presented
here. From a comparison of the spectra in
Figs. 6b and 7b it is further apparent that
calcination caused the bicarbonate bands to
be reduced in intensity while the nitrate
band persists at the original intensity.
These observations may be explained by
considering that NOj ions compete with
HCOs5 for exposed K* sites, bonding of
NOj being more stable. This again implies
the surface nature of potassium.

G. K-Co-Mo/AlLOs and Co-Mo-K/AlLO,

Addition of molybdenum to K-Co/Al,O5
or of potassium to Co—Mo/Al,O; samples
resulted in several significant changes in
both the IR and the Raman spectra, as can
be seen in Figs. 6 and 8. IR spectra of Figs.
6¢c and 6d revealed that the bands due to
HCOj were considerably reduced in inten-
sity (to ~55% of their original intensity as
estimated from the absorbance of the 1530
cm~! band), while the broad absorbance
corresponding to the stretching vibration of
NH{ ions completely disappeared (the ab-
sence of the v4 band of NH; at 1400 cm™!
could not be verified since this spectral re-
gion was masked by the bicarbonate and
nitrate bands). Considerable changes occur
in the Raman spectra (Fig. 8c and 8d). In
addition to the diminished intensity of the
v; band of bicarbonates at 1100 cm™!, most
striking is the appearance of new broad
bands centered at 850 cm~! (this band is
apparently split into three components) and
710 cm ™!, while the 945 and 325 cm™! bands
(present in the spectrum of Co—Mo/AlLO;)
have completely disappeared. The signal-
to-noise ratio also permitted the detection
of numerous weak bans in the 300 to 500
cm™! region which appeared simulta-
neously with the above two bands (Fig.
8c), while the most prominent band at 907
cm™! was broadened and shifted slightly to
~910 cm~1.

Recalling that these spectral features
were not observed in any samples dis-
cussed above, one might suggest that the
species giving rise to these bands contained
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molybdenum and potassium. Indeed, the
positions and relative intensities of these
bands were in excellent agreement with
those of K,;Mo0,07 (45) (taking into account
removal of NHJ ions, the presence of iso-
morphous (NH4),Mo0,0; with essentially
identical Raman spectrum (46) had to be
excluded). Especially the occurrence of the
most intense band at ~910 cm™! and the
absence of a band at 325 cm~! are a con-
clusive indication for the existence of
K;Mo0,0; since such spectral features are
characteristic of no other spectra of Mo
compounds. A major difference between
the spectrum of this supported species and
that of bulk K;Mo0,05 is the larger width of
the bands (especially those of the Co-Mo-
K/Al, O3 sample); these observations can be
accounted for by the heterogeneous nature
of the y-alumina surface and hence by dis-
tortions of the coordination polyhedra on
the surface. Thus, the preparation tech-
nique used in this work leads to a catalyst
with a surface structure entirely different
from that of K-Ni—-Mo/Al,O; catalyst pre-
pared by impregnation with K,CO; of a
conventional Ni-Mo/AlLO; catalyst for
which the formation of surface K,;MoQ;, has
been proposed (/8).

Our Raman and IR data are therefore
consistent with the following sequence of
reactions:

2(NH4)2MOO4 + 2K2CO3 -
4NH; + 2CO; + 2H,0

+ 4K* + 2MoOj;~ (4a)
2MoO;™ + 20H™ —
2HMoO; + 20?2~ (4b)

2HMoOy —
MOzO%_ + H20 (40)

Mo,03™ + 20?~ + 4K* + H,0 —

K:Mo;07; + K,0 + 20H~ (4d)
The structure of K;Mo0,0; has been re-
ported to consist of infinite chains of
Mo,0%" ions, the chains comprising pairs of
edge-shared distorted MoOg octahedra, and
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having adjacent pairs linked by distorted
MoO, tetrahedra. Each chain comprises an
equal number of MoO, and MoOQg units, and
potassium ions occupy interchain posi-
tions. This structure observed by X-ray
analysis is thus equivalent to one of those
predicted by Tytko (49) on the basis of the-
oretical considerations. This author has
also presented evidence that the polycon-
densation of MoO3 ™ ions to form bulk dimo-
lybdate chains is possible only in the pres-
ence of protons, e.g., from NH; of
(NH4),Mo00O,. As the NH/ ions in our K-
Co-Mo/AlLLO3 (or Co-Mo-K/AlO;) cata-
lyst were stoichiometrically driven off by
the reaction with K,COs, the only possible
source of protons necessary for MoO3~ pro-
tonation appears to be surface acidic hy-
droxyls of the alumina support (Eq. (4b)).
The hydroxyl groups are then regenerated
at the end of the reaction sequence. Thus it
may be possible that the ease of formation
of K,Mo0,0; is related to the acidity of the
support and that the condensation mainly
proceeds through direct hydrogenation of
MoOj;~ adsorbed on acidic sites of the sup-
port. It is, however, not clear from our
results whether or not these acidic sites are
identical with or related to those involved
in reaction (7).

The fact that the K-Co-Mo/ALO; and
Co-Mo-K/ALO catalysts gave the same
vibrational spectra (Figs. 6 and 8) means
that in the presence of potassium the reac-
tion (4a) is thermodynamically more favor-
able than reaction (1) as well as reaction (2),
the latter leading to dissolution of Mo®* in
the surface layer of the y-alumina. It also
shows indirectly that reactions (4a) through
(4d) have already proceeded at room tem-
perature during the kneading procedure.
The present results, however, cannot re-
veal whether the observed K,;Mo0,0; phase
is attached to the support surface or
whether it is present as a separate phase.
However, an epitaxial growth of K;Mo0,0;
in small patches (chains) is possible over
the y-Al,O; surface; there are no crystallo-
graphic arguments against a dissolution of
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Mo®* ions in a surface C-layer (using the
notation originally prescribed by Lippens
and de Boer (32)) of the (110) plane of
v-Al,0; to form very short isolated chains
of Mo,0? (of type D according to Tytko
(49)) consisting of a pair of edge-shared
MoOg octahedra and two pairs of MoO, tet-
rahedral linked via corner-sharing to the oc-
tahedra. It therefore may well be possible
that in the presence of K,CO;, molybdenum
interacts strongly not only with potassium
but also with specific sites on the y-Al,O4
surface, ultimately forming very small clus-
ters of K,Mo0,0; epitaxially bound to the y-
alumina surface. The observed heteroge-
neous character of K,Mo,0; supports this
possibility.

Further insight into the surface structure
of our K-Co-Mo/Al,0; and Co-Mo-K/
Al O; catalysts can be obtained from simple
stoichiometric considerations. The metal
loadings in our catalysts correspond to a
Co:Mo: K atomic ratio of approximately
1:2:9. Thus, if 1 mol of Co is taken as a
reference, all of the 2 mol of (NH4),MoO, is
converted via reactions (4a)—(4d) to the sur-
face K;Mo0,0;. The remaining 2.5 mol of
K,CO; then reacts via reaction (1) analo-
gously to that in K/ALOs to produce biden-
tate bicarbonate coordinated to K* sites of
highly dispersed K,O. As mentioned above,
the nature of cobalt is unaffected by the
presence of other active components. A
further diminution of the IR intensity of the
biacarbonate bands upon calcination (Figs.
7c and 7d) can again be explained by the
competitive mechanism described above.

CONCLUSIONS

We have reached the following conclu-
sions as a result of this physicochemical
and structural investigation of the K-Co-
Mo/Al,O; WGS and related (K/ALOs, Co/
A1203, MO/A1203, CO—MO/A]203, and K-
Co/Al,0Os) catalysts prepared by kneading
of the active salts with the support.

1. The AL, O, support is a complex mix-
ture of AI(OH);, v-AlO(OH), and y-ALO;



CHARACTERIZATION OF KCoMo/Al,O0; WGS CATALYST

and thus contains a wide spectrum of struc-
tural, physisorbed, and capillary water.

2. Based on the IR results a mechanism
was postulated for K,CO; interaction over
v-AlL,O5 in which CO3™ interacts with sur-
face hydroxyl to form a bicarbonate group
coordinated in bidentate form to K* ions
which are well dispersed on the y-Al,O;
surface as a 2D K,O-like structure.

3. Mo ions in Mo/AlLO; catalyst are
grouped in cluster arrangements, bound
epitaxially to the y-alumina. Various (at
least three) types of clusters exist; a major-
ity of the clusters consists of octahedral Mo
species with structures analogous to those
of ammonium polymolybdates with varying
degrees of aggregation. Also a small frac-
tion of clusters containing bulk-like
(NH4);Mo00O, exists. The relative amounts
of the octahedral and tetrahedral Mo spe-
cies appear to be related to the epitaxial
character of the cluster-y-AlL,O; interfacial
layer and to the randomness in filling the
cationic sites of this layer by molybdenum.
Such a surface structure appears to be a
general characteristic of Mo/Al,O; cata-
lysts prepared by OH -MoO3}  ion-ex-
change adsorption. Although the adsorp-
tion most probably preferentially occurs at
basic OH groups, the subsequent dissolu-
tion of Mo®* in the y-Al,O; surface layer
occurs with essentially no site preference.

4. Our Raman results are compatible with
the view that cobalt, in marked contrast to
molybdenum, preferentially occupies or se-
lectively blocks the octahedral sites in the
surface epitaxial layer of y-Al,Os;. This
strong metal-support interaction in the Co/
Al,O4 system appears to be unaffected by
the presence of other catalytically active
components. We consider that the ultimate
consequence of a strong preference for oc-
tahedral sites by cobalt is an increased per-
centage of tetrahedral molybdates (analo-
gous to bulk (NH4):;Mo0O4) in the Co-
Mo/AlLO; sample.

5. The final industrial WGS K-Co-Mo/
Al,O; catalyst exhibits not only physico-
chemical and structural properties charac-
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teristic of the related simpler systems
(K/Al,O,, etc.) but also certain specific
characteristics. Part of the K,CO; reacts
rapidly with (NH4),MoQ, leaving behind
potassium. Complete removal of NH; ions
and the presence of K* cause the molybde-
num to interact with the potassium and
probably also with the y-ALO; surface
forming oriented (epitaxially bound) clus-
ters of the K,Mo0,0; phase which was
strongly indicated by the Raman spectros-
copy. A mechanism was postulated for
K;Mo0,0; formation in which surface acidic
hydroxyls acted as the hydrogen source.
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