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Laser Raman spectroscopy was used to investigate the formation of supported molybdate
catalysts. Samples were prepared by the dry impregnation technique for the cobalt-molybdate
hydrodesulfurization catalyst using y-alumina, silica, and e-alumina supports. Variations
in the preparation procedure were studied, including loadings of molybdenum and cobalt,
order of impregnation, pH of impregnation solutions, and drying and calcining conditions.
Spectra were recorded in situ using a rotating, controlled-atmosphere cell. Raman spec-
troscopy was demonstrated to be a very sensitive probe of the effect of variations in the
preparation procedure. Spectra of dried samples indicated the presence of aggregated, dis-
torted molybdenum species on all supports. Calcination of these samples resulted in the
formation of “MoO;” at higher molybdenum loadings; the presence of distorted molybdenum
species showing high degrees of aggregation could be discerned for the silica and y-alumina.
samples. Addition of cobalt to the molybdenum samples markedly changed the nature of
the Raman spectra. The presence of “CoMoQ,”’ was observed ; formation of this phase sup-
pressed the formation of “MoO;” until higher loadings were reached. Furthermore, addition
of the cobalt tended to reduce the aggregation of the molybdenum surface species. Variation
in the order of impregnation dramatically affected the relative amounts of surface molyb-
dates as well as the aggregation of the surface species.

1. INTRODUCTION Cobalt and molybdenum compounds

The synthesis of active catalysts for spe- Supported on alumina are widely used as
cific chemical reactions typically involves a hydrodesulfurization catalysts. A wide va-
complex series of chemical and physical riety of methods have been used to prepare
transformations, such as precipitation or these catalysts, with corresponding vg?ia-
impregnation, drying, calcining, and activa- tions in activity, selectivity, and stability.
tion. The absence of fundamental informa- Selection of the appropriate support has
tion about catalyst preparation procedures been studied by several workers (1) .W‘ith
is due, in part, to the difficulty of perform- alumina, silica-alumina, and silica receiving
ing in situ studies of catalysts during prepa- Pparticular attention. Ahija et al. (2) studied
ration. This study has focused on the prepa- the influence of the support on the hy-
ration procedure for the cobalt—-molybdate drodesulfurization of a mixture of thio-
hydrodesulfurization catalyst, using a tech- phene, toluene, and cyclohexane at 350°C
nique which is well suited for studying and 60 kg/cm? H, pressure: Alumina and

catalyst preparation procedures—laser Ra- gjlica-alumina were found to be superior

man spectroscopy. to silica as supports. DeBeer et al. (3),

1To whom correspondence should be addressed. however, demonstrated that low loadings
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of molybdenum on silica are comparable
in activity to corresponding alumina-sup-
ported catalysts. Addition of cobalt re-
sulted in an increase in activity of the
molybdenum on alumina catalysts; molyb-
denum on silica catalysts exhibited an
initial increase in activity followed by a
significant deactivation. DeBeer reported
some differences in the activity of catalysts
using #- and y-alumina supports, for short
hydrodesulfurization times at 8 to 12 wt9,
molybdenum eatalysts. Lo Jacono et al. (4)
reported a study in which Ga®** ions were
added to y-alumina. A larger amount of
Co®t in tetrahedral sites for the ‘“‘surface”
spinel was observed due to the addition
of Ga?+.

Differences in the activity of hydro-
desulfurization catalysts also result from
the various methods of incorporating the
cobalt and molybdenum components, i.e.,
impregnation, precipitation, or mechanical
mixing. Mechanical mixtures of alumina,
cobalt oxide, and molybdenum oxide are
convenient for catalyst manufacture, but
the resulting catalyst is not very active.
Coprecipitation of cobalt and molybdenum
oxides in the presence of a freshly prepared
alumina slurry or coprecipitation of all
components result in more active catalysts.
However, the most frequently described
method for preparing cobalt molybdenum
catalysts is the impregnation of the dry
alumina support with solutions of cobalt
and molybdenum salts. The sequence of
adding the impregnation solutions is also
recognized as being important in deter-
mining the ultimate activity and selectivity
of the catalyst. “Wet impregnation’ tech-
niques have been used in which the sup-
port is immersed in an excess of solution
which is subsequently drained away. “Dry
impregnation” involves addition of suffi-
cient solution to fill the pore volume of
the alumina.

The wuse of Raman spectroscopy to
characterize the oxidic form of cobalt—
molybdenum catalysts has been described
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in the literature (5-8). Although the Raman
technique details the complex structure of
the supported molybdenum oxide, no study
of the effect of preparation procedures on
the catalyst structure has been reported.
In this study, the effect of several im-
portant preparation parameters have been
investigated, including type of support,
pH of impregnation solutions, order of
impregnation, and drying and calcining
conditions.

2. EXPERIMENTAL METHODS
2a. Instrumentation

Raman spectra were recorded on a Spex
Ramalog 5 spectrometer. The monochro-
mator was equipped with holographic grat-
ings; a “third monochromator” was also
available with this instrument. A Spectra-
Physics Model No. 164 Art laser was used
as the excitation source for most experi-
ments with an intensity of approximately
200 mW, measured at the source. Slit
width settings corresponded to 4 cm™!
resolution for the 488.0-nm line. Signal
detection was achieved with an RCA
C31034 GaAs photomultiplier tube which

was cryogenically cooled to —30°C.
Photon-counting detection was used
exclusively.

A Nicolet 1180 data system was directly
interfaced to the Raman spectrometer and
was used for routine data processing, in-
cluding spectral accumulation, subtraction,
and Fourier transformation.

2b. Rotating Controlled Atmosphere Cell

In order to record in situ spectra during
catalyst preparation under a controlled
environment, a rotating cell was designed
(9, 10). Samples, pressed into the form of
pellets, were rotated at speeds of approxi-
mately 1500 rpm to minimize sample
heating and/or degradation. The sample
cell was capable of withstanding tempera-
tures in the —60 to 600°C range in the
spectrometer, and vacuums of 10—% Torr
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TABLE 1

Sample 0-200 201-400 401-600 -601-800 801-1000 1000+
Mo(1.25) 327 w, br 926 s
Mo(2.5) 2156w 935 s
330 w
Mo (5) 213 w 563 vw 901 m, br
334w 949 s
Mo(10) 139 w 215 w 573 vw 740 vw 882 sh
358 w 901 m
926 sh
945 s
Mo(15) 136 w 218 m 580 w 741 w 878 sh
320 sh 901 m
360 m 926 sh
3718 w 949 s
Mo (20) 138 w 218 m 580 w 730 vw 880 sh
362 m 903 m
923 sh
952 s
Co(3)Mo(1.25) 250 w, br 692 m 842 w 1048 s
350 w, br 940 m
Co(3)Mo(2.5) 240 w, br 693 m 840 w 1050 s
340 w, br 940 s
Co(3)Mo(5) 223 w 562 vw 730 vw 819 m 1050 s
351 m 875 sh
935 s
945 sh
Co(3)Mo(10) 223 m 559 w 727 vw 812 m 1047 m
356 m 868 sh
897 m
935 sh
943 s
Co(3)Mo(15) 141w 219 m 568 w 713 vw 807 sh 1048 w
332 sh 860 sh
355 m 901 m
381 sh 939 sh
944 g
Co(3)Mo(20) 137 w 221 m 574 w 617 sh 804 m 1052 w
335 sh 720 w 860 sh
358 m 901 m
380 sh 935 sh
942 s
950 sh
Mo(10)Co(3) 138 w 219 m 572 w 711 vw 815 m 1048 m
336 sh 855 m
358 m 898 m
379 sh 935 sh
947 8
Co(8)Mo(10) 137 sh 221 m 568 w 718 vw 805 m 1048
(simultaneous) 330 sh 848 m
357 m 899 m
9348

941 sh
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could be achieved. Gases were passed
through the sample cell via entrance and
exit ports. An optically flat glass window
was used for collection of scattered radia-
tion, and the loss in intensity was observed
to be minimal.

The sample cell was positioned in the
sample compartment with a special mount
designed to provide maximum stability
and maneuverability. Five degrees of free-
dom are provided by the mount: trans-
lation parallel to the laser beam, translation
parallel to the spectrometer axis, trans-

L

|

i

L 1 1]
200 600 1000
(cm™)

Fic. 1. Raman spectra of dried Co~-Mo/y-Al:Os.
(8) Mo(1.25)/v-Al0s; (b) Mo(2.5)/v-ALO; (¢)
Mo (5)/v-ALOs; (d) Mo(10)/y-Al:Os; (e) Mo(15)/
v-Al:Os; (f) Mo(20)/y-Al:Os; (g) Co(3)Mo(1.25)/
v-Al:Os; (h) Co(3)Mo(2.5)/y-Al0s; (1) Co(3)-
Mo (5)/v-AlOs; (j) Co(3)Mo(10)/v-Al0s; (k)
Co(3)Mo(15)/4-Al:03; (1) Co(3)Mo(20)/y-Al,Os.
Spectra a, b, ¢, g, h, i reported at 3X sensitivity
as spectra 4, e, f, j, k, 1.
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Fic. 2. Raman spectra of dried Co-Mo/y-Al:O3;
variations in order of addition. (a) Co(3)Mo(10)/
v-Al03, molybdenum impregnated first; (b) Co(3)-
Mo (10) /y-Al,0s;, simultaneous impregnation; (c)
Co(3)Mo (10) /y-Al,03, cobalt impregnated first.

1200

lation perpendicular to the plane con-
taining the spectrometer axis and the laser
beam, rotation about an axis of the laser
beam, and rotation about an axis per-
pendicular to the laser beam.

2c. Catalyst Preparation

Catalysts were prepared by impregnation
of cobalt and molybdenum solutions on
the support using the “dry impregnation”
technique. The general procedure may be
described briefly as follows. Solutions were
prepared from ammonium heptamolybdate
[ (NH,)sMo0704:-4H,0] (Fischer Scientific
Co.) and cobalt nitrate [Co(NO;).-6H,0]
salts (Fischer Scientific Co.); the pHs of
these solutions were adjusted by addition
of nitric acid or ammonium hydroxide.
Samples were dried with air at 110°C for
up to 4 hr. Calcination was performed at
500°C for up to 6 hr. These procedures
could be performed in a drying oven and
furnace or in situ with the Raman
spectrometer.

Surface area measurements were per-
formed with a Cahn microbalance. The
surface areas of the supports were de-
termined to be as follows: y-alumina (BHD
Chemicals, Ltd.), 101 m?/g; a«-alumina
(Fischer Scientific Co.), 1.2 m?/g; and
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TABLE 2
Raman Spectra of Dried Co-Mo/~+-Al;0; Impregnation with Solutions at Different pHs (cm™1)

Sample 0-200 201-400 401-600 601-800 801-1000 10004
Mo (10) 139 w 218 m 562 w 740 w, br 840 sh
pH9 352 m 881 sh
893 m, sh
918 sh
940 sh
945 s
Mo (10) 139 w 219 m 577 w 750 w, br 840 sh
pH7 323 sh 876 sh
353 m 899 s
920 sh
943 s
Mo (10) 139 w 219 m 570 w 730 w, br 899 s
pH 4 320 sh 918 sh
356 m 947 s
379 sh
Co(3)Mo(10) 139 w 221 m 574 w 723 w, br 812 sh 1050 m
pH 9 330 sh 860 sh
355 m 900 m
375 sh 920 sh
935 s
947 sh
Co(3)Mo(10) 140 w 222 m 570 w 716 w, br 814 sh 1049 m
pH7 330 sh 862 sh
356 m 899 sh
379 sh 918 sh
935 sh
946 s
Co(3)Mo(10) 139 w 221 m 570 w 730 w, br 815 sh 1049 m
pH 4 320 sh 860 sh
356 m 898 m
379 sh 935 sh
946 s

silica gel (BDH Chemical, Ltd., chromato-
graphic grade) 782 m?/g.

3. EXPERIMENTAL RESULTS
3a. Dried Catalysts—Co—Mo/vy-Al0;

The spectra of dried Mo/y-Al:O; at
loadings of 1.25, 2.5, 5, 10, 15, and 209,
(MoQ3) are summarized in Table 1 and
in Fig. 1. The alumina background in
these spectra is moderately fluorescent,
although the intensity decreases substan-
tially at higher molybdenum loadings, ap-
parently due to some quenching of the
fluorescence due to the molybdate species.

A strong band at 950 cm~! and a medium
band at 901 cm™! are present in the spectra
of samples with loadings greater than
Mo(5); less intense bands in the region
of 215, 355, 570, and 735 em™' are ap-
parent also. The spectrum of the sample
with the lowest molybdenum loading has
bands at considerably lower wavenumbers.

The spectrum of the dried samples are
very similar to that of aqueous molyb-
denum solutions at low pHs. The spectrum
of Mo;0.5~ at pH 6.0 has bands at 219,
360, 474, 896, and 941 cm™!. The cor-
responding bands for the supported mo-
lybdenum compounds are shifted higher
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(570, 901, and 950 cm~!) and lower (215
and 355 cm™1). This general trend is also
observed in aqueous solution as the pH
is decreased. In general, the Raman bands

of the supported species are also con-
siderably broadened

LACIGULY i UaTiatie.

Addition of cobalt to molybdenum on
alumina resulted in dramatic differences
in the spectra, as indicated in Table 1.
A characteristic nitrate peak is clearly
present at 1045 to 1056 cm™;
persists after even longer periods of drying
at 110°C. Considerable changes also occur
in the 800 to 950 cm™! region of the spec-
trum. Most striking is the appearance of
new bands at 800 to 820, 860 to 875, and
935 to 950 em~!. At higher molybdenum
loadings, some of these bands appear as
shoulders. In addition, lower wavenumber
bands near 221, 335, and 560 and 580 cm™!
are shifted from lines of molybdenum on
alumina. A general decrease in bandwidth
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F16. 3. Raman spectra of dried Co~Mo/y-Al:03;
impregnation with solutions at various pHs. (a)
Mo(10) /v-Al:Os, pH 9; (b) Mo (10)/+-Al.0;, pH 7;
(¢) Mo(10)/+-AlO;, pH 4; (d) Co(3)Mo(10)/
v-Al:O;, pH 9; (e) Co(3)Mo(10)/y-Al:O;, pH 7
(f) Co(3)Mo(10)/v-AlOs, pH 4.
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Fic. 4. Raman spectra of dried Co-Mo/Si0,.
(a) Mo(5)/8i0;; (b) Mo(10)/8i0; (¢) Mo(15)/
Si0;; (d) Mo(20)/Si0.; (e) Co(3)Mo(5)/8i0;
(f) Co(3)Mo(10)/Si02; (8) Co(3)Mo(15)/8i0;;
(h) Co(3)Mo(20)/SiO:.

is also apparent in these spectra, observed
more clearly in the low wavenumber region.
These spectra match no known spectra of
molybdenum compounds although they
closely resemble spectra of precipitated
molybdates.

Addition of the cobalt solution prior to
molybdenum results in the formation of
different surface species, shown in Fig. 2.
Raman bands are apparent at 815, 898,
947, and 1048 cm™. In addition, the bands
tend to be much narrower and more well
defined. Spectra of dried compounds pre-
pared with a single solution of molyb-
denum and cobalt also differed from the
spectra of the dried Co—Mo/y-Al:O; com-
pounds. Peaks are observed at 137, 221,
330, 357, 568, 718, 899, and 1048 cm™!
while bands present at 805, 848, and 941
cm™' are broadened. The band at 848 e¢m™!
is considerably lower than corresponding
bands for spectra in which molybdenum
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Raman Spectra of Dried Co-Mo/Si0Q; (cm™)

TABLE 3

Sample 0-200

201-400

401-600

601-800

801-1000

10004

Mo (5)

Mo (10) 163 w

Mo (15) 169 w

Mo (20) 166 m

Co(3)Mo(5)

Co(3)Mo(10)

Co(3)Mo(15) 169 w

Co{3)Mo(20) 163 w

213 m
368 w, br

208 m
365 w, br

210 m
365 m, br

212 m
358 m, br

223 vw
337 w, br

246 m
353 w

244 m
281 sh
340 w, br

246 m
273 sh
335w
382 w

492 m

485 w

483 w

444 vw
483 w

485 w

485 w

485 w

476 w

629 vw

716 vw
627 w

628 vw
720 w

642 w

709 m

610 w

606 w

623 w

628 m

805 sh
865 sh
895 m
932 sh
953 s

838 w
879 sh
896 m
929 sh
953 s

970 sh

835 w,
882 sh
900 m
929 sh
952 s

968 sh

821 m
879 m
900 m
926 s

945 sh
952 s

971 m

830 m
878 sh
910 sh
932 s

977 sh

831 w
879 sh
926 s
935 sh
961 s
974 sh

820 m
878 sh
922 sh
938 sh
968 s

972 sh

821l m
882 sh
926 sh
937 sh
962 sh
975 s

br

1048 m

1045 m

1048 m

1050 m
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TABLE 3—Continued
Sample 0-200 201-400 401-600 601-800 801-1000 1000+
Mo (10)Co (3) 150 w 238 w 568 w 718 vw 800 m 1043 w
330 m 825 sh
355 w 848 m
899 sh
934 s
942 sh
970 sh
Co(3)Mo(10) 172 w 250 w 490 w 629 w 820 m, br 1048 m
(simultaneous) 265 sh 853 m, br
330 w 910 sh
365 w 929 sh
932 s
974 m

was impregnated first. Even the most in-
tense peak, the 934 em~! band, is anomo-
lously low for these levels of molybdenum
loading.

The spectra of dried Mo/y-Al,O; pre-
pared from molybdenum at different pHs
did not show fundamental differences
(Table 2 and Fig. 3). However, there was
a difference in the band width: Compounds
prepared at high pHs show considerably
broader bands centered at 950 ¢m™!. In
addition, there is considerable reduction
in the intensity of low wavenumber bands
in the spectra of compounds prepared at
pHs of about 9. The presence of cobalt
appears to moderate the effect of pH on
the spectra of the surface species. These
results are also given in Table 2. Addition
of the cobalt at higher pHs appears to
result in the decrease in the intensity
and/or broadening of bands in the 800
to 840 cm~! region. Thse results are par-
ticularly intriguing because of the presence
of molybdenum exclusively as MoO,~ tet-
rahedra at pHs greater than 8.

3b. Dried Catalysts—Co—Mo/SiO,

Spectra of dried Mo/SiO, generally ex-
hibit considerably more Raman bands
than do spectra of Mo/v-Al:0; or aqueous
molybdenum solutions. These spectra are

summarized in Table 3 and Fig. 4. The
silica used in these studies was less fluo-
rescent than the y-alumina and had a con-
siderably higher surface area. A large
number of bands are apparent, and al-
though the spectrum resembles ammonium
paramolybdate, the position of the bands
extends over a much larger spectral region.
Bands are present for the supported molyb-
date which are at much higher wave-
numbers, e.g., 953 to 975 cm™!, and lower
wavenumbers, e.g., 821 c¢m™!. The low
wavenumber region of the spectrum is
typically quite well defined at low loadings
of molybdenum. This region of the spec-
trum is dominated by a silica band at
about 485 ¢m~!, but a band at 213 em™! is
also observed. Additional bands can be ob-
served at higher molybdenum loadings.
Most of these bands are only moderately
broader than those of ammonium para-
molybdate.

Addition of cobalt results in several
significant changes in the spectrum. At low
molybdenum levels, the strongest peak is
at 932 em™! with a shoulder at 977 em—;
the latter band is more intense for samples
which have a higher molybdenum loading.
At the highest loading of molybdenum,
this band appears as a doublet at 962 and
975 cm™!. In addition, numerous other
bands are observed in the 800 to 900 cm™
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Fie. 5. Raman spectra of dried Co-Mo/SiO;;
variations in order of addition. (a) Co(3)Mo(10)/
8i0;, molybdenum impregnated first; (b) Co(3)-
Mo (10) /SiQ,, simultaneous 1mpregnatlon (c) Ca(3)-
Mo (10} /SiO;, cobalt impregnated first.

region which are quite narrow and well
defined. This is not true, however, of the
low wavenumber region; most of the bands
in this region are very broad and weak.

The order of impregnation also radically
changes the character of the spectrum
(shown in Fig. 5). Lines observed at 800,
825, and 848 cm™! are significantly lower
for samples impregnated with cobalt first;
lower wavenumber bands generally are
shifted also to lower wavenumbers. In ad-
dition, the relative intensities of the bands
is dramatically different.

3c. Dried Catalysts—Co-Mo/a-Aly0;

The spectra of Mo/a-Al;0; at different
molybdenum loadings have several peaks
consistent with ammonium heptamolyb-
date: 948 and 882 cm~! for Mo/a-Al:O;
and 938 and 888 to 893 cm™! for ammo-
nium paramolybdate. A lower band is
present at 840 cm™!. The low wavenumber
bands of the spectrum are remarkably
broad for this low surface area compound.
At higher molybdenum loadings, a sharp
strong band at 950 cm™! appears with an
improvement in the sharpness of the lower
wavenumber vibrations.

Addition of cobalt to Mo/a-Al:Q; results
in a broadening of most bands in the
spectra; the bands in the 800 to 950 ¢m—!
region are particularly broad and several
of the most intense bands of the Mo/
a-Al;O; species are missing, e.g., 970 and
950 ecm™. Order of impregnation is im-
portant, as these higher wavenumber bands
are present in samples in which cobalt has

been impregnated prior to molybdenum.

200 600

{em™)

1000

Fiec. 6. Raman spectra of calcined Co-Mo/
v-AlLO;. (a) Mo(1.25)/y-Als0s; (b) Mo(2.5)/v-
AlOs; (¢) Mo(5)/y-AlOs (d) Mo(10)/v-ALQs;
(e) Mo(15) /v-AL:Os; (f) Mo(20) /v-Al:04; (g) Co(3)-
Mo (1.25) /v-Al:Os; (h) Co(3)Mo(2.5)/v-Al05; (i)
Co(3)Mo(5)/v-Al:O3; () Co(3)Mo(10)/y-AlOs;
(k) Co(3)Mo(15)/y-AlO;; () Co(3)Mo(20)/+-
Al;O;. Spectra a, b, ¢, g, h, i reported ad 3 X sen-
sitivity as d, e, f, j, k, L.



RAMAN SPECTROSCOPY OF SUPPORTED MOLYBDATES 285

3d. Calcined Catalysts—Co—Mo/y-Al:0s

The results of ealeined samples of mo-
lybdenum at various loadings are given in
Table 4 and Fig. 6. At low loadings of
molybdenum the spectral features which
are observed are quite broad and are of
low intensity. Bands are observed at ap-
proximately 220, 320 to 350, 838, and
943 em™, with an additional broad shoulder
in the 900 to 930 cm™ region. The spec-
trum of this molybdate species is con-
siderably different than that of samples
prepared at higher molybdenum loadings.
For these samples, bands characteristic of
MoOj; are present at 995, 819, and 664 cm™!,
which are only slightly shifted from the
pure compound (996, 821, and 668 ¢m™).
Rather large shifts occur in the low wave-
number region, particularly at low molyb-
denum loadings. The existence of broad
bands in the intermediate region, 830 to
970 cm!, is observed in all spectra. Very
significant shifts in the frequencies of these
bands occur as a function of molybdenum
loading.

Addition of cobalt to Mo/v-Al;O; results
in the formation of new surface compounds,
indicated by new bands appearing at about
939, 697, 527, and 481 cm™'. These band
positions are similar to those for 8-CoMoO,
(purple) and Co;0., although the displace-
ments of the bands are significant as are
the changes in relative intensity. Bands
attributable to a “MoQ;” phase are also
present at 995, 818, and 667 cm~'. In ad-
dition, a broad band is present in the 820
to 950 cm™! region. The low wavenumber
region is rather poorly defined until higher
levels of molybdenum are reached.

Reversal of the order of impregnation
of molybdenum and cobalt leads to a much
different spectrum (Fig. 7). A peak indic-
ative of a “Co30,’ phase is present at
694 cm. The relative amount of ‘“MoQO;"”
is also higher, but there has been signifi-
cant decrease in the peak at 942 em~L.
On the other hand, simultaneous addition

of cobalt and molybdenum results in the
surface composition dominated by the
“CoMo0O,” band at 939 em™! and the
“Co304” band at 699 em™!,

Spectra of Mo/y-Al;0; and Co-Mo/
v-AlO3 showed some differences as a func-
tion of pH (Table 5 and Fig. 8). The
changes are apparent in the 900 to 985
em™! region of the spectrum. A gradual
shift in wavenumber position toward lower
wavenumbers occurs as the pH decreases.
In addition, the sharpness of the bands
improves, and additional side bands can
be distinguished. The effect of pH on
Co—-Mo/v-Al;05 is more difficult to discern,
partially because of the more intense band
at 940 c¢m~'. However, an effect on the
relative amounts of “MoQO;” and “Co-
Mo0O,” is apparent.

3e. Calcined Catalysts—Co-Mo/Si0,

Spectra of calcined Mo/SiO, (Table 6
and Fig. 9) indicate the presence of a
“MoQ;” phase by lines at 994, 817, and
669 em™!. In addition, there is a band at
950 to 980 cm~! which is the most intense
feature of the spectrum at low levels of
molybdenum loadings. This is also true of
broad band in the 855 to 880 cm~! region;
in fact several distinct bands are ob-
servable in this region. These samples
generally exhibit rather well-defined low
wavenumber bands at lower molybdenum
loadings than do the y-Al,O; samples.

Introduction of cobalt into these sam-
ples results in the formation of a “CoMo,”
phase with a characteristic band at 939
cm™!. Addition of cobalt dramatically de-
creases the amount of “MoQ;” ultimately
present in the sample. There are also ad-
ditional weak bands present in the inter-
mediate 820 to 920 em~! region which
results in a rather broad band. This feature
is more apparent in the spectra of samples
with low molybdenum loadings. Reversal
of the order of impregnation of cobalt
and molybdenum alters the amount of
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TABLE 4

Sample 0-200 201-400 401-600 601-800 801-1000 1000+
Mo(1.25) 293 w 838 m
32w 943 s
Mo (2.5) 220 w 853 m
350 w 044 s
Mo(5) 219 w 819w
354w 907 m
952 8
Mo (10) 114 m 213 w 470 vw 664 m 815 s
124 m 242 w 9156 w
155 m 287 m 967 m
193 w 378 m 995 s
Mo(15) 118 w 218 w 470 vw 665 m 8195
128 m 243 w 920 w
158 m 289 m 970 m
199 w 337 m 995 s
3718 w
Mo (20) 117 w 218 w 47 vw 667 w 819 s
129 m 246 w 922 w
157 m 290 m 972 sh
200 w 339 m 996 s
39w
Co(3)Mo(1.25) 481 w 697 s
523 w
Co(3)Mo(2.5) 486 w 694 s 846 m
527 w 913 m
948 m
Co(3)Mo(5) 224 vw 690 m 817s
339 w, br 870 br
910 m, br
939 8
994 m
Co(3)Mo(10) 127 w 287 w 690 w 818 s
158 w 339 w 867 br
369 w 912 m, br
938 s
949 sh
994 m
Co(3)Mo(15) 116 w 220 vw 473 vw 667 m 818 s
126 m 243 w 700 m 867 br
157 m 290 m 940 m
195 vw 337 m 949 sh
378w 905 m
Co (3)Mo(20) 117w 218 w 473 vw 667 m 818 s
129 m 245 w 940 m
157 m 292 m 949 sh
197 vw 339 m 994 m

3718 w
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TABLE 4—Continued

Sample 0-200 201-400 401-600 601-800 801-1000 1000+
Mo(10)Co (3) 116 w 218 vw 475 vw 666 m 817 s
127 m 243 w 694 w 945 w
157 m 289 m 995 m
198 vw 336 m
3719 w
Co(3)Mo(10) 116 w 218 vw 480 vw 667 w 817 m
(simultaneous) 127 w 224 w 701 m 890 br
158 w 290 m 939 s
336 w 946 sh
375w 994 m

“CoMo0O,"” formed; the Raman spectrum
indicates the presence of considerably more
“CoMoQO,” as well as the presence of a
“Co304"” phase (see Fig. 10).

3f. Calcined Catalysts—Co-Mo/a-Al0s

The Raman spectra of Mo/a-AlO; after
calcining demonstrates clearly the presence
of MoO; with lines at 996, 819, and 667
em~L, The spectra of samples with different
loadings of Mo are very similar, which is
not surprising because of the low surface
area of these samples. At these levels of
molybdenum loadings, there is no ap-
pearance of any bands in the intermediate
840 to 980 cm™! region.

T T T T T
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Fie. 7. Raman spectra of calcined Co-Mo/
v-AlyQ;; variations in order of addition. (a) Co(3)-
Mo(10)/y-Al;0;, molybdenum impregnated first;
(b) Co(3)Mo(10)/v-Al;0;, simultaneous impregna-
tion; (¢) Co(3)Mo(10)/y-Al;03, cobalt impregnated
first.

Addition of cobalt to these samples
results in the appearance of a “CoMoQ,”
phase whose most intense line closely co-
incides with that of B-CoMo00Q,.

4. DISCUSSION OF RESULTS

Molybdenum compounds, like those of
tungsten and uranium, are noted for their
wide variation in stereochemistry and oxi-

¢} 200 400 600 800 1000 1200
(cm™)

Fic. 8. Raman spectra of calcined Co-Mo/
v-Al;0;; impregnation with solutions at different
pHs. (a) Mo(10)/4-ALOs, pH 9; (b) Mo(10)/
+ALOs, pH 7; (¢) Mo(10)/-ALO;, pH 4; (d)
Co(3)Mo(10)/4-Al:05, pH 9; (e) Co(3)Mo(10)/
v-ALO;, pH 7; (f) Co(3)Mo(10)/v-AL:Os, pH 4.
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TABLE 5

Raman Spectra of Calcined Co~Mo/v-Al;03; Impregnation with
Solutions at Various pHs (cm™)

Sample 0-200 201400 401-600 601-800 801-1000 1000+
Mo (10) 1156 w 218 w 669 w 8195
pH9 129 w 291 w 930 w
157 w 340 w 952 m
196 w 375 w 994 s
Mo (10} 122 w 214w 668 w 816 s
pH7 157 w 241w 940 w
282 m 954 m
332w 993 s
3714w
Mo (10) 119w 218 w 669 w 819 s
pH 4 129 w 245 w 961 m
158 w 290 m 995 m
195 w 337w
387 w
Co(3)Mo(10) 155 w 221 w 665 w 819 s
pH 9 244 w 691 w 938 s
292 w 948 sh
339 w 994 m
367 w
Co(3)Mo(10) 128 w 224 w 666 w 817s
pH7 158 w 245w 694 w 939 s
293 w 948 sh
339 w 995 m
377w
Co(3)Mo(10) 158 w 21w 665 w 819 s
pH 4 289 w 669 w 939 s
337 w 949 sh
377w 994 m

dation state. This complex character is
well represented by the oxygen compounds
of molybdenum, among which is the oxidic
precursor of the cobalt-molybdate hydro-
desulfurization catalyst. Vibrational spec-
troscopy has been demonstrated to be a
valuable probe of the structure of molyb-
date compounds since the coordination of
solid-state compounds is closely related to
their infrared and Raman spectra (11).
This is particularly true for Raman spec-
troscopy because of the definition of the
Raman lines and the strong scattering
properties of the oxides. The Raman
spectra of molybdate compounds which
are particularly important in this study
are summarized in Table 7. The assign-

ment of the vibrational lines is not un-
ambiguous, however: The ranges of fre-
quencies for tetrahedral and octahedral
Mo—O bond stretches frequently overlap.
Moreover, the structure of many molyb-
date compounds cannot be classified as
having precisely octahedral or tetrahedral
coordination of the molybdenum ions. Since
such structures are likely to be very im-
portant in catalysis by supported molyb-
date species, a study of the structure and
coordination of supported molybdate com-
pounds was performed.

In order to understand better the nature
of the cobalt-molybdate catalyst structure
and chemistry, the most readily charac-
terized molybdates, those formed in aque-
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ous solution, were studied. Molybdenum
ions are known to form isopolyanions in
aqueous solution, and the state of aggrega-
tion in these solutions is highly dependent
on pH and concentration. In alkaline solu-
tions, the predominant species is the
MoO*~ species which clearly is tetrahedral
with bond lengths of 1.76 A (12). This
spectrum has three clearly distinct bands
at 896, 843, and 317 ecm™' (see Fig. 11).
Four bands are predicted to be present in
the Raman according to group theory
[vi(Ay), vo(E), vi(Ty), and vs(T2)]; Busey
and Keller (13) explained this discrepancy
as due to low intensity of the »,.(E) line.
Upon acidification of MoQOs~ solutions,
a polymeric Mo;0.4%~ species is produced;
these species exist simultaneously in solu-
tion over a quite broad pH range. The
Mo;0448~ structure has been discussed
analogously with the ammonium para-
molybdate structure which consists of seven
MoOs octahedra sharing edges (14). These

1 1
o] 200 400 600 800 1000 1200
(em™)

F1a. 9. Raman spectra of calcined Co-Mo/SiOs.
(a) Mo(5)/8i0.; (b) Mo(10)/Si0s; (c) Mo(15)/
Si0s; (d) Mo(20)/8i0:; () Co(3)Mo(5)/Si0s;
(f) Co(3)Mo(10)/8i0:; (g) Co(3)Mo(15)/SiO:;
(h) Co(3)Mo(20)/SiO,.

T T T T T
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FiG. 10. Raman spectra of calcined Co-Mo/SiO;;
variations in order of addition. (a) Co(3)Mo(10)/
Si0s, molybdenum impregnated first; (b) Co(3)-
Mo (10) /8i0», simultaneous impregnation ; (¢) Co(3)-
Mo(10)/SiO;, cobalt impregnated first.

octahedra have been clearly shown to be
distorted, however (15, 16). The Raman
spectrum of the aqueous Mo70,.5~ species
has major bands at 219, 360, 474, 896, and
941 em™! while the spectrum of the solid
ammonium paramolybdate has consider-
ably more bands. The low wavenumber
region of the spectrum particularly ex-
hibits a large number of distinct bands,
characteristic of the crystalline structure
of the compound. Site symmetry splitting
also is apparent in the 800 to 950 cm™!
region of the spectrum. Further acidifica-
tion of aqueous solutions results in higher
polymeric species such as MogOs*~ along
with other protonated species. The Mos-
Os6*~ species also consists of corner-sharing
molybdenum octahedra. Raman bands for
the MogO2'~ species occur at 210, 360,
910, and 958 em~'. Higher polymers are
formed as more acid is added to aqueous
solutions, and precipitation of highly ag-
gregated species eventually occurs. Raman
spectra of these solutions and the wet
precipitates have well-defined bands; few
other techniques have been used to char-
acterize the species formed, although mo-
lecular weight and potentiometric mea-
surements indicate the presence of
approximately MoOs'~ species (17, 18).
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TABLE 6
Raman Spectra of Calcined Co-Mo/S8i0; (cm™)

Sample 0-200 210-400 401-600 601-800 801-1000 1000+
Mo (5) 167 vw 246 w, br 492 w 610 vw 817 m
381 w, br 774 vw 883 m
951 s
981 sh
995 w
Mo (10) 115w 216 w 483 w 669 w 817 s
128 w 245 w 856 m
158 m 289 m 876 m
195 w 339 w 949 s
381 w, br 975 sh
994 m
Mo (15) 117 m 216 w 492 w 662 m 819 s
128 m 246 w 856 m
160 m 292 m 881 m
198 w 337 m 952 m
3718 w 981 sh
995 m
Mo (20) 117 m 221 w 467 w 664 m 817 s
128 m 246 w 856 m
157 m 290 m 876 m
195 w 337 m 949 m
3718w 981 sh
995 m
Co(3)Mo(5) 208 w 407 w 603 vw 815w
M2 w 486 m 693 m 880 sh
918 sh
940 s
Co(3)Mo(10) 221 w 489 w 614 vw 817 m
346 w 695 vw 865 sh
934 sh
940 s
996 sh
Co(3)Mo(15) 117w 224 w 478 w, br 611 vw 819 s
128 w 249 w 669 w 895 sh
158 w 289 m 906 sh
198 w 337 w 932 s
375w 953 sh
995 m
Co(3)Mo(20) 117 w 221 w 471 w,br 666 w 820 s
128 m 242 w 882 w
158 m 202 m 920 sh
199 w 337 m 240 s
3719w 952 sh
995 s
Mo (10)Co(3) 125 vw 222 w 478 w, br 609 vw 817 m
156 w 247 w 698 m 875 m
288 w 925 sh
339 w 940 s
374 w 946 sh
980 sh

995 m
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TABLE 6—Continued

Sample 0-200 210-400 401-600 601-800 801-1000 1000+
Co(3)Mo (10) 118 w 227 w 482w, br 667 w 819 s
(simultaneous) 128 w 242 w 700 m 882 m
158 m 290 m 939 s
339 w 944 sh
377w 995 m

Raman bands corresponding to the po-
larized »;(A,) vibration were observed at
961, 976, and 983 em™! for solutions and
wet precipitates and will be the subject
of a separate discussion. However, a par-
ticularly well-defined model for higher
aggregates of molybdenum exists; the
heteropoly acids of molybdenum, namely,
H; PMo01;04. The high wavenumber por-
tion of this spectrum is also shown in
Fig. 11, with bands appearing at 156, 248,
373, 467, 603, 715, 898, 975, 988, and
995 em™!. The 1:12 heteropolymolybdate
consists of 12 octahedrally ecoordinated
molybdenum atoms grouped around a tet-
rahedrally coordinated P+ atom.

The metal-oxygen stretching vibration
region of the spectrum of all of these
compounds is remarkably similar. A sharp,
intense band and a less intense, broad
band are present in all spectra with the
most striking difference being the position
of the bands, i.e., larger aggregates of
molybdenum have bands at higher wave-
numbers. The relative position of the
weaker band is an indication of the dis-
tortion of molybdenum environment (13).
This »3(T2) band appears to be sensitive
to the environment of the molybdenum
specics. Lower wavenumber bands, in the
metal-oxygen bridging region, also provide
complementary information about the dis-

TABLE 7
Raman Spectra of Model Solid-State Compounds (em™1)

Compounds 0-200 201-400 401-600 601-800 801-1000 1000+
(NH,)¢Mo070:4-4H0 115 m 224 m 543 w 625 w 863 sh
135 m 252 m 570 w 633 w 888 m
199 m 308 w 893 m
339 w 908 sh
363 m 920 sh
375 m 938 s
MoO; 84 w 219 vw 472 vw 668 w 821 s
100 w 246 w 711 vw 849 vw
117 m 285 m 775 vw 996 m
130 m 293 m
159 m 338 w
198 vw 356 vw
369 w
CoMoOy 336 m 467 vw 806 m
358 m 852 m
935 s
Co,04 203 m 487 m 625 w
528 m 696 s
Al;(MoOy)s 139 vw 381 m 437 vw 830 w 1004 s
891 vw 1027 m
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Fig. 11. Raman spectra of molybdenum aggre-
gates. (a) MoO¢~ (aqueous solution); (b) Mo;O,~
(aqueous solution); (¢) MosOs?~ (aqueous solu-
tion); (d) PMo1:04*~ (aqueous solution); (e¢) MoO;
(solid).

tortion and aggregation of the molyb-
denum species.

The lattice phonon region of the spec-
trum (typically less than 200 cm~!) could
be recorded for most supported molyb-
denum samples. The intensity and defini-
tion of bands in this region was related to
the composition of the sample as well as
to the preparation procedure. This region
of the spectrum is most closely related to
deviations from ideal crystal structure, such
as nonstoichiometry and defect structures.

4a. Co—Mo/vy-Al:0; Catalysts

The Raman spectra of dried and cal-
cined Co—Mo/y-Al,0; demonstrate the sen-
sitivity of the technique to the variations
of molybdenum coordination and chemical
state. More bands are apparent in the
metal-oxygen stretching region for dried
samples than for calcined samples. Re-
peated scans of different scanning speeds
and slit widths and spectral accumulation
indicated that the shoulders were wvalid
spectral features. The appearance of the
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bands was very dependent on the prepa-
ration procedure, particularly the drying
and calecining procedures.

Spectra of dried Mo/v-AlO; indicate
that a highly distorted molybdenum species
is present on the v-AlLO; surface. This
species resembles a corner-sharing aggre-
gate, similar in coordination to the isopoly-
anion compounds (Mo;0s.5~ or MogOast).
The broad spectral features indicate dis-
tortion due to the v-Al,Q: surface. The
resemblance to the ammonium paramolyb-
date spectrum is more apparent at higher
molybdenum loadings; however, even the
spectrum for the lowest molybdenum
loadings indicate the presence of an ag-
gregated molybdenum species. Interest-
ingly, the spectra do not indicate a strong
effect of pH on the structure of the sup-
ported compound, even though the aqueous
impregnation solutions differ greatly in the
coordination of the molybdenum com-
pounds. These results indicate that the
interaction between the molybdenum spe-
cies and the alumina surface strongly affects
the degree of aggregation. Calcination of
these compounds results in the formation of
several molybdenum surface compounds
which may be distinguished by the position
of the Mo—O stretching vibrational band
(the highest or “»;(A;)” band). Formation
of a “MoO;” phase does occur after a
half monolayer equivalent of molybde-
num on alumina has been added. The
spectra of the calcined samples at low
molybdenum loading are similar to the
spectra of dried samples. The sharpness of
the bands improves in the calcined form,
indicating formation of & more ordered
compound. A significant upward shift in
the Mo-O stretching vibrational band
occurs with an increasing in molybdenum
loading, indicating the presence of more
highly aggregated molybdenum species. In
addition, the shift of the broad “y;(T,)"”
band parallels this upward shift of the
“v1(A1)” band. The series of spectra at-
tributed to the aggregated species then
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closely resemble the series shown in Fig. 11
for the isopolyanions. No bands attribut-
able to bulk aluminum molybdate were
observed.

Addition of cobalt nitrate solutions to
the surface molybdenum compounds re-
sults in very clear changes in molybdenum
compound structure and environment.
Dried samples indicate a difference in the
environment of a portion of the molyb-
denum species. In general, the bands are
more well defined for the lower loadings
of molybdenum such that Mo-O-Mo
bringing vibrations are apparent at lower
wavenumbers. The ability of the cobalt
species to interact with the surface so as
to modify the molybdenum-alumina inter-
action is apparent in Fig. 2, where the
order of addition of molybdenum and
cobalt is varied. Samples prepared by ad-
dition of cobalt prior to molybdenum show
a more highly aggregated molybdenum
species (i.e., 947 vs 943 em~! and a strong
band at 898 cm™!). In these spectra, the
presence of lower stretching vibrations at
805 and 848 cm™! is more clearly present;
this difference is also apparent in the
caleined form. Isolated molybdenum spe-
cies are apparently indicated by these
bands which ultimately produce a ‘““‘Co-
MoO,” phase. Calcination of all samples
resulted in the formation of some “MoQ;”
although addition of cobalt suppresses the
formation of this phase until higher mo-
lybdenum loadings are reached. This is
apparent in the samples prepared by
changing the order of cobalt and molyb-
denum impregnation. Cobalt which has
been incorporated into the alumina lattice
does not readily form a “CoMoQ,” phase.
The spectra of the “CoMo0O,” phase does
not precisely resemble that of a bulk
B-CoMoO,; a shoulder at higher wave-
numbers is present due to associated
molybdenum oxide species. As for the
molybdenum on alumina samples, the
presence of a bulk alumina phase was not
observed.
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4b. Co—Mo/8i0, Catalysts

Raman spectra of molybdenum on silica
generally had a larger number of well-
defined bands than comparable +-Al,0;
compounds. This occurs despite the much
higher surface area of the silica. Many of
these bands are shoulders until higher
molybdenum loadings are reached. The
aggregation of the molybdenum species is
also clearly indicated by the appearance
of bands at lower wavenumbers which
appear much more readily than for y-Al,Os;.
The splitting of bands also occurs for
ammonium paramolybdate: This site sym-
metry splitting is indicative of the strong
interactions between molybdenum species.
These interactions are expected to be
stronger than those between the molyb-
denum species and the silica surface. Bands
appear at higher wavenumbers than am-
monium paramolybdate because of the
presence of larger aggregates of molyb-
denum. These species are also distorted,
indicated by the bands shifted to lower
wavenumbers in the 800 to 880 em™!
region. Calcination of these compounds
results in the formation of a “MoOj;”
phase whose bands and relative intensities
closely match those of the bulk com-
pound. However, an aggregated species
whose broad bands overlap those of the
dried sample is present. The presence of
this doublet structure clearly indicates a
molybdenum environment for these stretch-
ing frequencies.

Addition of cobalt to the silica-supported
samples indicates a more profound in-
fluence than for the alumina-supported
samples. All samples indicate a stronger
interaction of the cobalt with molybde-
num. The presence of 930 to 935 cm™!
bands in the spectrum of the dried sam-
ples indicates close association of cobalt
and molybdenum species; the band is also
present in the calcined compounds. The
presence of this phase dominates the spec-
trum of calcined samples, and the presence
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of “MoQ;” is apparent only at higher
molybdenum loadings. The broad shoul-
ders present on the “CoMoO,’ phase
probably indicate the presence of aggre-
gated molybdenum species associated with
the “CoMo0,’ phase
action with the aggregated molybdenum
species is most obvious in the spectra of
the dried compounds. The low wavenumber
data demonstrate that the cobalt breaks
up the formation of an ordered molyb-
denum aggregate. Also apparent is the
increase in smeller aggregates of molyb-

il

denum associated W1th cobalt by bands in
the 800 to 850 cm™! region of the spectrum.
The order of impregnation dramatically
affects the relative amounts of “CoMo0O,”
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molybdenum first results in larger aggre-
gates of molybdenum which persist in the
calcined form. This phase is much less
ordered and stoichiometric than the phase
formed by simultaneous impregnation or
cobalt impregnation first. A “Co304” phase

is annarent in the spectra of these latter
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two methods of preparation. This phase
is also clearly apparent in samples with
lower loadings of molybdenum with the
same level of cobalt present.

4¢. Co—Mo/a-Al, 05 Catalysts

The low surface area and lack of re-
activity of a-Al,O; resulted in relatively
A MoQ; phase is present
as well as CoMoO,; and Co;0; phases.
Most of these phases show rather clear
resemblance to bulk compounds. The rela-
tive concentration of the pha,ses is inde-

pendent of the order of impregna

simnle sneectra.
simple spectra.
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