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A series of unsupported oxidic Co—Mo catalysts with different mole fractions r = Co/(Co + Mo)
was prepared by coprecipitation of solutions of (NH,)sMo;0,, and Co(NO;),. The calcined catalysts
contain a-CoMoOj, (r = 0.5) mixed with MoO; (r < 0.5) or with Co;0, (r > 0.5) according to X-ray
diffraction (XRD) and electron diffraction. The a-CoMoQ, transforms partially into b-CoMoO,
upon grinding. The higher the cobalit (r) and b-CoMoO, contents, the higher are the surface area
increase and the degree of reduction of calcined catalysts during hydrogen treatment at 673 K.
Electron microscopy (EM) data agree well with the surface area increase observed after reduction.
X-ray photoelectron spectroscopy (XPS) shows the reduction of molybdenum rather than that of
cobalt. Reduced crystalline phases cannot be identified by these techniques. Sulfidation with a
mixture of H,/thiophene following reduction caused a drastic drop in surface area but the particle
size seen by EM does not increase. Weak oxythiomolybdate XRD bands appeared after slight
sulfidation, most XRD signals disappeared after massive sulfidation of samples with r = 0.5. Cobalt
promotes sulfidation of molybdenum in the bulk, but the maximum sulfidation degree was about
half of the stoichiometric value. XPS shows surface cobalt enrichment, XRD and EM traces of
Co,S; in samples with » = 0.38 and 0.50. A pronounced maximum was observed in initial hydrode-
sulfurization (HDS) activity and hydrogenation (HYD) selectivity at medium Co content. On used
catalysts, this synergism disappeared. We attribute the highest HDS activity of short-living cobalt—
oxythiomolybdate(s) formed initially during sulfidation. HYD was promoted by sulfided molybde-

num and by less surface cobalt.

INTRODUCTION

Co~Mo catalysts catalyze hydrodesulfur-
ization (HDS) reaction in their sulfided
state. Relatively few studies deal with the
phenomena taking place when an oxidic
Co-Mo sample undergoes oxide — sulfide
transformation. Sulfidation can be carried
out by presulfidation before runs or by the
reaction mixture itself (7, 2). Grange (3)
mentions that a higher HDS activity is ob-
served during initial periods of sulfidation
of oxide catalysts than over samples pre-
pared from bulk sulfides but this higher ac-
tivity is only transient.

The catalytic properties of supported and
unsupported catalysts have been found to
be roughly similar, thus the surface active
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sites were claimed to be the same (4). This
is why we can regard unsupported Co—Mo
catalysts as models of practical catalysts
worth studying, especially with respect to
recent developments of, e.g., carbon-sup-
ported catalysts (5), where the interaction
between active phase and support may be
quite different from that reported with
AlO; supports. The true nature of the ac-
tive sites on both supported and unsup-
ported Co—Mo catalysts is still disputed
(6). MoO;, Co304, and CoMoO, were found
by X-ray diffraction (XRD) and infrared
(IR) methods in unsupported oxidic cata-
lysts with various Co/Mo ratios (7, 8).
CoMoO, exists in two modifications. The
surface of the violet a-CoMoO, transforms
to the green b-CoMoQO, upon grinding. Mo-
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lybdenum occupies tetrahedral sites in the
a- and octahedral sites in the b-modification
(9.

Co;0, was reduced to Co metal within
minutes: approx 70% of b-CoMoQ, after 2
h, while the reduction of MoO; just started
in the bulk after 2 h H, treatment at 673 K
(10). Gajardo et al. (10) calculated two
types of reduction degree: one with the as-
sumption that Mo is reduced to MoO,, an-
other that it is reduced to Mo metal. It is
not quite clear which assumption was used
for model compounds. Cimino and de
Angelis (11) called ‘‘nearly metallic’> Mo
what they saw by X-ray photoelectron
spectroscopy (XPS) after reduction of
MoO; and cobalt molybdates by H, at 673
K for 2 h. CoMo0y also gave some metallic
Co; the b-CoMo0O, was reduced more easily
than the a-modification (11). The reduction
and sulfidation of MoQO; were intensively
studied by Sotani. MoO; + MoO; mixture
or MoO, only was detected by XRD after 10
min of reaction with pure H, or Hy/thio-
phene (H,/T) reaction mixture at 673 K, re-
spectively (12). The sulfur uptake in the lat-
ter case was only 3 mass% (as measured by
BaSO, gravimetry), but MoS, was not de-
tected by XRD (12). Sotani observed MoS,
by electron microscopy (EM) (12) and XPS
(13). Only the surface of MoO; was sul-
fided, not the bulk (13, 14). There are two
views about the sulfidation of CoMoOQ,.
Some authors claim (15, 16) that the prod-
ucts of the sulfidation are CosSg and MoS,.
However, de Beer et al. (17) identified six
compounds by XRD in the product mix-
ture; in particular, more CoMo,S; was
found than MoS,. Co0;04 or metallic Co
could be sulfided in the presence of molyb-
denum only during ‘‘normal””> HDS con-
ditions, i.e., at temperatures below 700
K (3, 18). The temperature-programmed
reduction and temperature-programmed
sulfidation of MoO;, Co:04, and CoMoQO,
were studied by Arnoldy and associates
(19-23). The reducibility in H,/Ar mix-
ture decreased in the order Co0;0,—

423

CoMo0,~Mo0; (19, 20). The reduction of
MoO; to MoO, was more rapid using H,/
H,S as a reducing agent than in H,/Ar; in
the former case, it proceeds via an oxy-
sulfide intermediate. The formation of
MoS, at 650 K was slow and was restricted
to surface layers only (22). The reduction
of MoO; and the simultaneous reduction
and sulfidation of CoM00O, and Co;04 took
place via O-S exchange. The role of hydro-
gen here is the reduction of sulfur atoms
formed (21, 22). The rate of sulfidation of
CoMoO, was very low (21) and the sulfida-
tion is not complete at 675 K (heating rate:
10 K min™}).

Okamoto et al. (24) found surface Mo
enrichment by XPS upon sulfidation of an
oxidic-unsupported Co-Mo catalyst by H,/
thiophene (H,/T) at 673 K. On the other
hand, surface Co enrichment was detected
if sulfidation was carried out with H,/H,S.
Sulfidation was only partial and MoO, was
the only phase identified by XRD. The re-
duction and sulfidation of pure Co-Mo ox-
ides have been reviewed by Grange (3).

Strong Mo-ALO; and weak Co-Mo in-
teractions were suggested in alumina-sup-
ported Co—Mo catalysts. This would corre-
spond to a ‘‘monolayer’” or ‘‘bilayer”
model, respectively (2, 3, 25, 26), which
assume no crystalline Co- or Mo-oxide
and/or sulfide phases on the support sur-
face. More recent suggestions assume mi-
crocrystalline MoS; particles on alumina at-
tached to it either by their basal or by their
edge planes (6). This latter hypothesis was
also confirmed by EM (27). However pow-
erful high-resolution electron microscopy is
as a tool (28), it is still not able to convinc-
ingly identify atomic groups which could be
regarded as active sites responsible for cat-
alytic activity. Therefore, we still need ad-
ditional surface chemical and/or catalytic
measurements to reveal their likely nature.
Vacancies associated with the Co on edge
sites of MoS; (““Co-Mo-S”" structure)
were proposed as active sites for HDS (6).
The bonding of these phases to the support
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via oxygen bonds was not ruled out either
(6). Arguments based on Raman (29) and
Auger electron (30) spectroscopy that oxy-
sulfide structures exist in Mo/AlLO; and
NiMo/Al,O; catalysts were published.

Massoth and Murali Dhar (31) proposed
edge positions of MoS, for hydrogenation
(HYD) sites, basal plane positions for
cracking sites, and both positions for HDS
sites. Two kinds of active sites were sug-
gested by Yang and Satterfield (32). One of
them is a sulfur vacancy associated with
molybdenum atoms, which can facilitate
HYD activity and direct extrusion of sulfur.
Another site is a Brgnsted acid site on
which dissociated H,S forms. Recently a
linear correlation was found between the
amount of coordinatively threefold unsatu-
rated molybdenum ions in the edge plane of
the MoS; slabs and the HYD activity (33).
Thiophene HDS was found to be structure
insensitive over sulfided molybdenum sin-
gle crystals because their surface was cov-
ered with adsorbed carbon (34).

The HDS activity of unsupported a-
CoMoO, dropped abruptly (17) after prere-
duction, similar to Al,O;-supported cata-
lysts (35). The lower steady-state HDS
activity of initially unsupported CoMoQO,
compared to that of supported catalysts
was attributed to its low MoS; content after
sulfidation (17).

The aim of the present work was to study
the transient period of oxidic Co-Mo cata-
lysts during their sulfidation with H,/thio-
phene mixture. The catalytic activity was
monitored by frequent sampling during this
procedure. In addition, surface physico-
chemical measurements were also carried
out on the samples in various stages of sulfi-
dation (surface area determination, XRD,
and XPS). Sulfur contents were determined
by gravimetry and these results were com-
pared with XPS data. A few electron micro-
graphs have also been included to illustrate
morphological changes. Lattice resolution
images were reported elsewhere (36); an-
other paper (37) deals with catalytic prop-
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erties observed at various stages of sulfida-
tion.

EXPERIMENTAL

Catalyst preparation. Unsupported cata-
lysts were prepared in mole fractions of
r = Co/(Co + Mo) = 0, 0.17, 0.38, 0.50,
0.68, and 1. Stoichiometric quantities of
(NH»)sMo;0,4 x 4H,0 (AHM) and
Co(NOs); X 6H,0 (Reanal puriss grade
each) were dissolved in water. NH; (10%)
excess was added to the AHM solutions in
order to promote MoO3~ formation by shift-
ing of the polymolybdate = monomolyb-
date equilibrium. The mixed solutions were
dried at 390 K and calcined in air at 723 K
for 4 h. MoO;, a-CoMo0O,;, and Co;0,
model compounds for XPS measurements
were the products of our catalyst prepara-
tion procedure (r = 0, 0.50, and 1, respec-
tively). CoeSg was prepared from the stoi-
chiometric mixture of its elements by
heating at 920 K for 3 days in vacuo. MoS;
and CoSO4 were commercial products
(Reanal puriss each).

Catalyst activation. Oxidic (100 mg)
(calcined) catalysts were placed into a 4
mm i.d. Pyrex glass tube reactor between
quartz wool. This reactor was operated as a
continuous-flow apparatus (37). A special
reactor (Fig. 1) was used before IR and
XPS measurements, which permitted the
flooding of the activated catalyst sample
(38) with paraffin oil (for IR) or n-octane
(for XPS) in order to avoid the contamina-
tion of the samples with air, which could
alter the surface structure and sulfur con-
tent (39). The contact of sulfided samples
with air cannot cause much experimental
error, since a sample reduced for 2 h in the
reactor gave the same high surface area af-
ter transferring to the BET system in air as
in situ reduction in the BET system in some
cases. Prereduction of the catalysts was
carried out at 673 K with 40 mi/min H,
stream velocities for 2 h preceding the reac-
tion. The HDS reaction (which also pro-
vided sulfidation) was performed with a
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FiG. 1. Special reactor for flooding of the XPS and IR samples after various treatments with the XPS
sample holder (lower left). Dimensions are given in millimeters.

35/1 H,/T mixture also at 673 K with 40 ml/
min velocity. The time-on-stream was 70
min (70 min H,/T). Used catalysts were
cooled to room temperature in a N, stream.
Catalytic properties (thiophene conversion
(X (%)) and hydrogenation selectivity
(HYD = (isobutane + n-butane)/(ZC, hy-
drocarbon) ratios of the product mixture)
were measured gas chromatographically, in
detail, see in Ref. (37).

X-ray diffraction. The measurements
were carried out in a DRON 2 diffractome-
ter in the 5°-80° range with CoKa and
CoK@g radiations. The resolution was 0.05°.
The identification of the crystal phases was
carried out with the literature data of the
Powder Diffraction File of JCPDS. The
samples were stored in air for an extended
period before measurements.

Specific surface area and degree of re-
duction. The specific surface areas of the
catalysts were measured gravimetrically
with the BET method (N, adsorption) an a
Sartorius 4012 microbalance. The H, reduc-
tion was carried out in situ in the BET ap-
paratus (T = 673 K, H, flow); thus, the de-
gree of reduction could be determined from

the mass loss. The sulfided samples con-
tacted with air during their transport from
the flow reactor to the BET system (for
maximum 30 min).

The sulfur content of the sulfided cata-
lysts was determined by a gravimetric
method used for the measurement of sulfur
content of pyrites. The ice-cooled 50- to
100-mg sample was left in 10 ml inverse
aqua regia (HCl: HNO; = 1:3) overnight.
The solution was evaporated three times to
dryness in 10 ml 20 mass% HCI each, then
diluted to 60 ml. The warm solution was
mixed with a warm aqueous solution of
BaCl, (Reanal puriss grade), whereupon
BaSO, was precipitated. The wet solution
stayed overnight, then it was filtered
through an ashless filter paper. The precipi-
tate with the filter paper was burned,
glowed, and weighed.

Electron microscopy and electron dif-
Jfraction (ED). A transmission electron mi-
croscope JEOL JEM 200-CX with top entry
goniometer stage and ultrahigh resolution
objective pole piece was used. It was oper-
ated at 200 kV. Samples were prepared by
suspension in bidistilled water, dispersed
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by an ultrasonic treatment, and then dried
on holey-carbon support films.

X-ray  photoelectron  spectroscopy.
Calcined samples (60-80 mg) were pressed
by ~500 bar into the 15 X 5 X 0.5-mm use-
ful volume of a stainless-steel XPS sample
holder (Fig. 1, lower left). Samples with
sample holder were placed into the reactor
shown in Fig. 1 in the case of activation
(reduction and/or sulfidation). The flooding
of the activated sample after cooling below
373 K in a N, stream was carried out in the
same reactor by freshly distilled n-octane
(Reanal puriss), which was dried over P,Os
previously. The samples were stored under
n-octane till the XPS measurements (maxi-
mum for 3 days). A KRATOS ES 300 XPS
equipment was used. The exciting radiation
was AlKa (15 kV 10 mA). The samples
were picked out of n-octane and were
placed within seconds into the XPS appa-
ratus. Calcined samples or model com-
pounds were introduced into the XPS appa-
ratus without flooding. The samples were
evacuated to ~107¢ Pa before measurement
in three steps within 30 min. The spectra of
the C 1s, O 1s, Mo 3d + S 2s, S 2p, and Co
2p levels were recorded. The number of
scans was 5, 3, 10, 10, and 20, respectively;
the sequence of recording of spectra was
the same for all catalysts in order to reduce
the error associated with carbon contami-
nation and charging of the sample (18, 40).
The C 1s = 284.4 eV internal reference line
was used to calibrate the spectra (16). The
accuracy in the determination of the bind-
ing energy (BE) of single peaks was *+0.4
ev.

Quantitative analysis of XPS spectra.
The intensity of an XPS signal of an ele-
ment x is described by the relationship (41)

I, =n, o, T(Ex) . )\(Ex) =n, K,, (1)
where n, is the concentration of the ele-
ment, o, is the photoelectron cross section
(42) corrected with the asymmetry parame-
ter B (43), T(E,) is the transmission factor
depending on the kinetic energy E,, and
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ME,) is the mean free path (escape depth)
of the corresponding photoelectron. The
values in our equipment are A ~ E%7 (44)
and T ~ E,, therefore,

K, ~ o, E}V. ¥))

The angle between X-rays and photoelec-
trons is ~90°, thus the corrected photoelec-
tron cross section is

TGeorr = Ol (1 + &> (3)
4
From Egs. (1-3),
n, = l"_ ~ _Ix___ @

. 1.95°
K, Tcorr Ex

Absolute surface concentrations cannot be
calculated from Eq.(4), but their ratios can.
Atomic ratios nco/(nco + numo) and ns/(nco +
nMo) seen by XPS were calculated and re-
ferred to as ‘‘surface’” ratios. These data
originate to the escape depth of the photo-
electrons and thus represent the concentra-
tion ratios in the outer layers of the catalyst
surface. The signal intensity I¢, is the sum
of the intensities of the Co 2p3/, and satellite
lines, I is the sum of intensities of all (S~
and S¢) S 2p levels of the sample, and Iy,
is the sum of intensities of Mo 3d5, and Mo
3ds;, peaks. The 3ds, peak overlaps with the
S 2s peak in the spectra of sulfided samples;
therefore, the intensity of the S 2s band
must be deducted from the intensity of the
Mo 3d + S 2s complex band. The I5,/Is 2
ratio calculated from the values of ooy iS
1.507 and the ratio measured in the spec-
trum of CoySy is 1.462. Therefore two-
thirds of I5 was subtracted from the inten-
sity of the complex band to get Iy,.

RESULTS

XRD. The results of the XRD measure-
ments are shown in Table 1. The phases
observed in calcined samples are in accor-
dance with the IR results (5). The presence
of a-CoMoQ, is confirmed by the violet
color of all calcined, cobalt containing cata-
lysts. Some samples were ground after cal-
cination to induce the a-CoMoO; — b-
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TABLE 1

Crystalline Phases Identified by XRD after Various Treatments

Treatment r =0 a-0.17 a-0.38 a-0.50 b-0.50

Calcined Mo0O; MoO; + a-CoMoO, MoO; + a-CoMoQO, a-CoMoO, a-CoMoO,

2h H, MoO; MoO; MoO; + a-CoMoO,; a-CoMoO, a-CoMoO,

1 min Hy/T MoO; MoO, Mo0O; + a-CoMoO, a-CoMoO, + a-CoMoQ, +
CoMoS;.1701.83 CoMoS;.1705.83
trace trace

10 min H,/T MoQO; MoO; a-CoMoO, + a-CoMoO, trace a-CoMoQ, trace

CoMoS 0,0, 7

trace

70 min H,/T MoO; MoO;

a-CoMoQ, trace

Two peaks® Two peaks?

Note. Source: JCPDS Powder Diffraction File, International Center for Diffraction Data,
Swarthmore, PA. The individual diffractions were taken from the following file cards: MoO;
(orthorhombic) 5-508; CoMoO, (monoclinic) 21-868; Co,Sg (cubic) 19-364; CoMoS, ;0,7 16-27;

CoMoS, 703 83 16—-61; M0O, (monoclinic) 5-452.

¢ Two low intensity peaks only. One of these peaks is the most intensive peak of Co,Ss.

CoMoO, phase transition. The color
changed to dark green, but the XRD bands
of a~-CoMoQ, did not change to the bands of
b-CoMoQ, (Table 1). Trifiro et al. (9) attrib-
uted their similar results to the fact that the
a — b transition occurred on the surface
only. Note that MoO; and CoMoQ, were
also present after reduction; the XRD line
broadening pointed to their poor crystallin-
ity. However, data were insufficient to cal-
culate crystallite sizes. Neither MoS, nor
Co09S; could be identified with sufficient cer-
tainty after intensive sulfidation. Consider-
ing also the IR (8) and EM (36) results, we
believe that CosSs is present in the ‘‘two
peaks’’ phase, but one single peak cannot
be taken as a firm evidence. More than one
reflection shows the presence of cobalt—
oxythiomolybdates in the early stage of sul-
fidation of samples with high CoMoO, con-
tent. The sum of oxide and sulfide ions is 4
or 3.8 in the two phases identified according
to the Powder File (File Numbers 16-27,
16-61, see also Table 1). It seems that a-
CoMo0;, is reduced and sulfided more eas-
ily, than MoO; under the same conditions.
The poor crystallinity of the products of the
sulfidation of CoMoO, must be empha-
sized.

Electron microscopy and electron dif-

fraction. Figure 2. shows a set of micro-
graphs of a catalyst with r = a-0.50 after
various treatments, Figure 2a exhibits a
rather transparent, flat, platelet-like a-
CoMoOQ, particle (size 1-3 um). Figure 2b
shows particles of a-0.50 catalyst after 2 h
H, reduction. The sample is nonuniform in
particle sizes, but the original particle has
broken down into an aggregate of distinctly
smaller individual grains. Primary particle
sizes are approx 0.02 um (Fig. 2b). The
electron diffraction pattern of the reduced
sample is characteristic of a polycrystalline
one; some rather distinct spots indicate the
presence of crystalline CoMoQ,. Some uni-
dentified additional reflections were also
found, which can, perhaps, be attributed to
reduced species. Figure 2c shows the parti-
cles of prereduced r = 0.50 catalyst after 10
min H,/T. The primary crystallite sizes do
not increase compared to those of the re-
duced catalyst. Broader, diffuse electron
diffraction rings appear with the reduced
sample, but the strongest ring corresponds
again to the strongest reflection of
CoMo0,. Even after a low degree of sulfi-
dation, MoS, appears in the electron micro-
graphs. In the samples after 70 min H,/T
electron microscopy and diffraction prove
the presence of CoeSg in addition to MoS,
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(36). The channels disappear almost en-
tirely. In addltlo to the ¢ atalyst grains, a
fibrous material unstable in the electron
beam appears which can be identified by its

ED pattern as elementary S (Fig. 2d).

Qnec’bﬁ/‘ curfn/-a areas and thc degree of‘

reduction. The results of specific surface
area measurements are shown in Fig. 3.
Samples containing b-CoMoO,; have
slightly larger surfaces than those contain-
ing a-CoMoQ, in the calcined state. A very
pronounced surface increase is observed
after reduction. A larger increase occurs
with higher r values or with catalysts con-
taining b-CoMo0Q,. The specific surface ar-
eas of sampies of various compositions be-
come nearly identical after sulfidation (Fig.
3). The extent of reduction was estimated
using both assumptions of Gajardo er al.
(10), as shown in lines 3 and 4 of Table 2.
Catalysts with higher r values or those con-
taining b-CoMoO, are reduced to a higher

extent. The reduction is not stoichiometri-

cally complete even assuming that it stops
at Mo(1V), except for r = 0.68. Thus, our
experiments show that at least in this case,

Spec. surf. area (m2/g) 7;

|
IR
l

A calcined

75 2hHy

m Hy/T

10m H /T /

70m HpIT |
’I
/

x 640D o

e ¢ 4

o ra _Co

o 038 o050 o068 Co Mo
F1G. 3. Specific surface areas (m2/g) of calcined,

reduced, and sulfided catalysts. Symbo! in means min-

utes.

r-valence Mo

Qi avall

a spec
must have been formed, like that found by
Valyon and Hall (45) with supported Mo
catalyst.

Sulfur content. The sulfur contents as de-
]‘\\I
vy

il 0 1 Iou

cies with lower thar

gravimetr
siay metric

termined measurements
(Fig. 4) showed a lower degree of sulfida-
tion than the theoretically attainable bulk
values (37-40 mass% S). A time-on-stream
of 20-25 min ought to be sufficient for stoi-
chiometrically complete sulfidation pro-
vided that all sulfur atoms split off the feed
remained on the catalyst. However, only a
fraction of them was used for catalyst sulfi-
dation (Fig. 4), in agreement with the
resuits of other papers (37, 46). Suifur up-
take is very rapid at the beginning of sulfi-
dation (Fig. 4, values at 1 min H,/T) in ac-
cordance with reports on supported
catalysts (26, 35). The higher the MoO;
content of the samples (in addition to
CoMoQ,), the lower is the sulfur uptake.

After a massive sulfidation. elementarv sul-

After a massive sulfidation, elementary
fur is also present (cf. Fig. 2d).

XPS spectra. The XPS spectra of six
model compounds with calibrated BE are
shown in Fig. 5. The Co 2p;» band of a-

CUPV{UU4 appears at BE = 781.4 eV

was the value assigned to Co?* ions in the
oxide environment. This band has a weak
shake-up satellite structure at BE higher by
approximately 6 eV than the main peak in

iq gatallis ot AR~
C03U4 This satellite is SUrong in L OOy

and CoSO, (3, 39, 47). The peak at BE =

777.9 eV belongs to the Co 2p;; band of
CoySs and to Co?* ions in the sulfide envi-
ronment or to metallic Co (3, 16, 48). COQSg
model compounds may have reoxidized af-
ter having contacted with air subsequent to
preparation. This could be seen on its color
and on the appearance of a small shoulder
in its Co 2ps» band. The C 1s BE = 284.4
eV was found to be more suitable as a refer-
ence line in our samples than the O 1s =
530.3 eV line (suggested by Gajardo et al.
(18)). The O 1s doublet line of CoM0O, ap-
pears also in the spectrum of NiMoO, (41).
The spin—orbit splitting of the Mo 3d band
is 3.1 eV both in oxide (a-CoMoO,, MoO3)

whinh
s WILiCIH
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TABLE 2

The Degree of Reductions of Unsupported Catalysts after 2 h H,

r

a-0.17 b-0.17 a-0.33 b-0.38 a-0.50 b-0.50 0.68
Mass loss (%) 0.7 2.5 2.6 4.4 4.2 9.0 19.0
Oxygen loss (mole% 2.15 7.65 8.48 14.4 14.4 30.7 66.8
of the total oxygen
present)
Reduced CoMoOy (a) 8.42 299 12.5 21.1 14.4 30.7 54.3
(mole%) (b) 16.8 59.8 25.0 42.5 28.8 61.3 108.6

Note. assumptions: (a) MoQ; is not reduced, CoMoQ, and Co,0, are reduced to
metal(s); (b) MoO; is not reduced, CoMoQ, is reduced to MoO,, and Co,0,is reduced to

metal. After Gajardo et al. (10).

and in sulfide (MoS;) surrounding and is
in accordance with (1], 16, 40, 49). The
bands at 235.5 eV (Mo 3ds;) and 232.4 eV
(Mo 3ds;,) were assigned to Mo®" species in
an oxidic surrounding, those at 232.2 eV
(Mo 3dsp) and 229.1 eV (Mo 3ds,) to Mo+
species in a sulfidic surrounding on the
basis of model compound spectra of a-
CoMo0O,, MoOs, and MoS,. The chemical
shift between the Mo 3d bands of MoO, and
MoS, is only 0.4-0.7 eV (24, 49); therefore,
it is not easy to decide whether the Mo**

S cont (m°)
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FiG. 4. Sulfur content in mass percent (S cont (m%))
of sulfided catalysts.

species are in oxidic or sulfidic environ-
ments. The band of S 2s partially overlap
with the Mo 3d levels (226.5 eV). The bind-
ing energies 226.5 eV (S 2s5) and 162.0 eV
(S 2p) were assigned to S2~ species, on the
basis of the spectrum of MoS,. These BE
values do not depend on the nature of spe-
cies (Mo or Co) being chemically bonded to
sulfur (16, 48). The BE = 168.2 eV (S 2p)
was assigned to S from the spectrum of
CoS0y4. The S 25 peak of the sulfate band
can be seen in this spectrum too. Both sul-
fate bands appear also in the spectrum of
CoySs; these and also the Co 2p;; peak
point to a partial oxidation of CoySs after
preparation. The band at approx 158 eV in
the S 2p spectrum of CoSOy is likely to be-
long to the sulfur contamination of the sam-
ple holder. The measured binding energies
of model compounds are within the range of
data given in various literature sources
(11, 15, 16, 24, 40, 47, 49).

Figure 6 shows the XPS spectra of mixed
Co-Mo-calcined catalysts (pure ones, r =
0, 0.50, 1 were shown in Fig. 5). The Co 2p
and Mo 3d bands clearly indicate that these
metals are in +2 and +6 oxidation state,
respectively. The O 1s doublet line—which
can be regarded as characteristic of
CoMoOQOs—appears in the spectra of all cat-
alysts of Fig. 6.

The XPS spectra of reduced catalysts
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FiG. 5. XPS spectra of model compounds.

(Fig. 7) show that mainly molybdenum was
reduced: a shoulder appears at 229.1 eV in
the Mo 3d spectra which can be assigned to
Mo** species. The intensity of this band
compared with that of Mo®" increases with
increasing cobalt content in accordance
with our gravimetric measurements (Table
2). Surprisingly, the reduction of cobalt
does not appear in the XPS spectra: there is
no shoulder at 777.9 eV. Contrary to this,
the relative intensity of the satellite band at
about 787 eV related to the main, 781.4 eV
band is higher in reduced catalysts than in
calcined ones (Fig. 7 vs Figs. 5 and 6). This
phenomenon indicates a decreasing relative
amount of low-spin Co**—that is Co;04—
compared to high-spin Co?* (40, 47) and an
increasing quantity of metallic Co (48). The
relative intensity of the left-side peak in the
O 1s doublet line decreases with increasing
cobalt content in reduced catalysts (Fig. 7)
compared to the intensity ratios of O Is

0O 1s
530.3

Co 2p

781.4

800 790 780 770 540 530

band in calcined samples (Figs. 5 and 6).
The doublet character of O 1s peak disap-
pears in the spectra of reduced catalysts r =
0.68 and r = 1. This singlet also indicates
that these samples are reduced to the high-
est degree in accordance with the data in
Table 2.

The XPS spectra of sulfided catalysts
(Fig. 8) show that the sulfidation of molyb-
denum is more likely than that of cobalt
similarly to their reduction (Fig. 7). More
precisely, the Mo** 3ds, shoulder (229.1
eV)—which appears first after reduction
(Fig. 7)—becomes well separated from the
sum of Mo%* 3ds, (232.4 € V) and Mo** 3dap
(232.2 eV) bands. The reduction or sulfida-
tion of cobalt is more pronounced in sul-
fided catalysts than in reduced samples, but
Co in the oxidic environment still predomi-
nates: the intensity of the Co® or Co?* (sul-
fide) 2ps» (777.9 eV) shoulder is higher than
in reduced samples (Fig. 7), but its intensity

Mo 3d
232.4
235.5
r=a—0.17
r=a0—0.38
r=b—0.50
r=a—0.68
240 230 220 BE (eV)

Fi1G. 6. XPS spectra of calcined catalysts.
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Fi1G. 7. XPS spectra of reduced catalysts.

never exceeds that of the Co?* (oxide) 2psp
(781.4 eV) band. The intensity of Mo** 3dsp
(229.1 eV) bands sometimes exceeds that of
Mo¢* 3ds, (235.5 eV) bands (considering
also the theoretical 5: 3 ratio). Surprisingly,
the higher the molybdenum content of our
sulfided catalysts, the higher is the
Mo** : Mo®* intensity ratio. The surface of
these catalysts (except r = 1) is sulfided to a
high degree according to XPS results (see S
2p and S 2s signals) whereas the bulk is
sulfided to a lower extent as shown by the
bulk sulfur content (Fig. 4). O 1s peaks of
sulfided catalysts are all singlets; therefore,
they are not shown.

Surface composition as determined by
XPS. The results of quantitative analysis
are shown in Fig. 9. The calcined catalysts
a-0.17 and a-0.38 show a surface cobalt en-
richment related to bulk composition, con-
trary to (24). The calcined sample a-0.68
exhibits surface cobalt depletion. (The
straight, diagonal line would correspond to
identical surface and bulk Co/(Co + Mo)
ratios.) Reduction has no considerable ef-
fect to surface cobalt ratios. Sulfidation
causes a very significant increase in the sur-
face Co/(Co + Mo) ratio of catalysts r =
a-0.17, a-0.38, and a-0.50, but does not
change that of r = b-0.50 and a-0.68. This

Co 2p Mo 3d+S Zs S 2p
232.4 229.1 162.0
235.5 226.5 168.2
781.4 r= 0
A
777.9 M.AJ\'
o~ A jL r=a-0.17
/\/“/ A J\— r=a-0.38
i
"\/ W, m‘/\ r=a—0.50
A R
\/ - MJ.\M r=a-0.68
r= 1
800 790 780 770 240 230 220 175 165 155 BE (eV)

Fi1G. 8. XPS spectra of sulfided catalysts.
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phenomenon can be connected with the dif-
ferent initial degree of reduction of these
catalysts before sulfidation. The latter cata-
lysts (b-0.50, a-0.68) were reduced to a
higher extent before their contact with thio-
phene than the former ones (a-0.17, a-0.38,
a-0.50) (see Table 2). This reduction practi-
cally does not continue further during the
reaction as shown by their XPS spectra
(compare Co 2p and Mo 3d spectra in Figs.
7 and 8). The reduction of catalysts r = a-
0.17, a-0.38, and a-0.50 proceeds during
sulfidation as can be seen from the Mo 3d
spectra of these samples before (Fig. 7) and
after (Fig. 8) HDS. The surface S/(Co +
Mo) ratios of sulfided catalysts show S-
shaped curves similarly to the surface Co/
(Co + Mo) ratios of the same samples. Cat-
alysts with high surface Co enrichment
exhibit relatively low S/(Co + Mo) ratios
and catalysts where sulfidation do not
cause high Co enrichment (b-0.50, a-0.68)
show normal S/(Co + Mo) ratios (i.e., its
value coincides with an imaginary straight
line connecting the S/(Co + Mo) ratios of
r = 0 and r = 1 catalysts).

Catalytic properties. One of the most in-
teresting questions concerns how these
identified bulk and surface species behave
in HDS reaction of thiophene. Thiophene
HDS activities (Fig. 10) of samples used
subsequently for XPS measurements have
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maxima just after the reaction starts (2 min
H,/T). The highest activity was obtained at
composition r = 0.50, where cobalt—oxy-
thiomolybdates were identified by XRD at
the beginning of the reaction (Table 1). The
extremely high synergy at » = 0.50 is even
more conspicuous, if the conversions are
plotted as a function of surface Co/(Co +
Mo) ratios as measured by XPS (dashed
line in Fig. 10). The conversions exhibit a
decreasing, slightly S-shaped curve at a
later period of the run (70 min H,/T). Cata-
lysts containing both metals show nearly
the same conversions (5-10%) at 70 min
H,/T.

Hydrogenation selectivities (Fig. 11) are
similar to conversion plots, but two differ-
ences are striking: the maxima are not ex-
actly at composition r = 0.50 and the cata-
lyst r = 0 exhibits anomally high values.
This exceeds the HYD selectivity of r =
0.17 at the start (2 min H,/T) but is the high-
est of all samples at the end (70 min H,/T)
of the run.

Another interesting picture can be seen if
the catalytic properties are plotted as a
function of the surface S/(Co + Mo) ratios
after 70 min H,/T (.e., at the end of the
run). Figure 12 shows that the conversions

X(%)

bulk  surface

60 1 A 2mH/T

O 70mHyT

401

20+

0 O 0305 068 f

Fi1c. 10. Thiophene conversions (X (%)) measured
over XPS samples as a function of the bulk and surface
Co/(Co + Mo) ratios.
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tane)/2C, products) selectivities measured over XPS
samples as a function of the bulk and surface Co/(Co
+ Mo) ratios.

represent nearly the mirror image of the
corresponding plot as a function of the sur-
face Co/(Co + Mo) ratio. The same is true
for HYD selectivities (cf. Figs. 10 and 11).
Note that Fig. 12 combines catalysts with
various r values; r = 0 is at the right-hand
side, r = 1 at the left-hand side of the figure.

DISCUSSION

The calcined, oxidic form of unsupported
Co~Mo catalysts contains a-CoMoO, (r =
0.50) mixed with MoOs (r < 0.50) or with
Co304 (r > 0.50) according to our IR spec-
tra (8), XRD (Table 1), EM (Fig. 2), and ED
measurements in accordance with our pre-
vious results (8). This is not in complete
agreement with the literature, because
Lipsch and Schuit (7) found CoMoO, only
at a composition of r = 0.50. Above a value
of r = 0.17, the specific surface increases
already in the calcined state with increasing
r (Fig. 3). This effect is concomitant with
surface cobalt enrichment in the case of
catalysts with r < 0.50 (Fig. 9), contrary to
the results of Okamoto et al. (24).

Reduction has a very marked effect on
the specific surface areas (Fig. 3). This is in
good agreement with the EM pictures
shown (Fig. 2). Reduction in H, seems to
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break up the CoMoQ, particles into an ag-
glomerate of smaller grains which give the
contour of the whole original particle
(pseudomorphism). This means that solid-
state transformations occurring during re-
duction must cause formation of channels
in the CoMoO, grains as the electron dif-
fraction patterns show that the bulk has re-
mained CoMoO,;. When less cobalt is
present (r = 0.17), the reduction is slower,
consequently the specific area does not in-
crease upon H; treatment. It would be of
interest to check ‘‘channel formation” by
EM.

Mass loss during reduction (Table 2) as
well as changes in the position and satellite
structure of XPS lines (Figs. 5 to 7) can give
information on the degree of reduction, i.e.,
on the likely valence states of Co and Mo
ions. The XPS observations show that first
of all Mo will be reduced and that this pro-
cess is enhanced by the presence of Co
(Fig. 7). Here the reduction of cobalt can-
not be excluded either. Since no reduced
phase was detected, the mass losses and
XPS results support the assumption that
anion vacancies are formed mainly on Mo
atoms during reduction in accordance with
(2, 7, 26). Both types of data (mass loss
and XPS) show that the b-modification of

HYD (*)

F1G. 12. Thiophene conversions (X (%)) and HYD
selectivities measured over 70 min H,/T XPS samples
as a function of the surface S/(Co + Mo) ratios.
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CoMo0Q, is reduced more readily than its a-
modification in accordance with (11). All
XPS data show that Mo%* is still present in
considerable amounts along with Mo** af-
ter reduction, contrary to results of (/7,
12). Our experiments do not show oxida-
tion states of Mo lower than four with pure
Mo (45), but such species can be assumed
in Co-Mo catalysts and are certainly
present in the sample with » = 0.68 (Ta-
ble 2).

The sulfidation with H,/thiophene de-
creases the crystallinity further (XRD, EM,
and ED results) and the specific surface ar-
eas (Fig. 3) decrease, due to the ‘‘filling”” of
the channels with sulfided species, as dem-
onstrated elsewhere (36). Mo%" may par-
tially be responsible for oxidizing S?>~ to ele-
mentary sulfur which can appear as an
individual phase (Fig. 2d).

Not only does sulfidation proceed during
the HDS reaction on less prereduced (r = 0,
a-0.17, partly a-0.38, see Table 2) catalysts
but further simultaneous reduction also oc-
curs. This parallel reduction—sulfidation
more effectively promotes surface sulfida-
tion (Fig. 9) than bulk sulfur uptake (Fig. 4).
The initially low specific surface areas of
prereduced catalysts can only decrease but
never increase in the following reaction
(Fig. 3). Simultaneously, higher surface S/
(Co + Mo) ratios are obtained in this pro-
cess than in the sulfidation of highly prere-
duced catalysts (Fig. 9). For the latter
process, a gas—solid reaction was proposed
between the sulfur atoms arising from thio-
phene and the anion vacancies of the cata-
lyst (46) which is in accordance with the
suggestions of Lipsch and Schuit (7). If an
anion vacancy of a reduced Mo species is
filled with a sulfur atom, cobalt—oxy-
thiomolybdates may be produced. Such
species were, indeed, directly observed by
XRD during the initial period of the run
(Table 1). We propose that the initial maxi-
mum values of the conversion (Fig. 10, Ta-
ble 1, and Ref. (37)) are due to the presence
of these oxythiomolybdates. Their forma-
tion is easiest near r = 0.5; that is why the
initial very pronounced synergy is mani-
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fested (Figs. 10 and 11). The electron mi-
crograph of a catalyst » = 0.50 indicates the
presence of incomplete MoS, layers on a
CoMoO, matrix after 10 min H,/T (Fig. 2¢
and Ref. (36)). Oxythiomolybdates may be
the precursors of MoS,;. We propose that
cobalt-oxythiomolybdates represent the
most active HDS sites during the oxide-
sulfide transition of unsupported catalysts.
However, these compounds disappear rela-
tively rapidly further on, parallel to the
strongly decreasing HDS conversion.

The possible reasons of the activity loss
are discussed in detail elsewhere (37). At
the end of the run (Figs. 10 and 11), not
only the activity decreases but also the
synergy ceases to exist. In this stage the
cobalt—oxythiomolybdate phase (Table 1)
and/or any possibly present oxysulfides
(22, 29) disappear. The parallel reduction—
sulfidation discussed above seems to result
in surface cobalt enrichment while sulfur
incorporation into bulk does not. Surface
cobalt enrichment may manifest itself in the
appearance of separate CoySg phase (36);
however, surface Co is not readily sulfided
as seen from XPS spectra (Fig. 8) and the
inversely proportional surface Co and S ra-
tios (Fig. 9). The sulfidation of surface at-
oms may be hindered in this stage (low S
ratios) but cannot influence the bulk sulfur
content which is higher with higher Co con-
tent of the catalyst. It is assumed, there-
fore, that bulk sulfidation may be attributed
to the formation of MoS, which promotes
catalytic HDS and HYD (Fig. 12).

In general, the enrichment of surface co-
balt in this, partially sulfided state may be
responsible for the ‘‘plateau’ of HDS ac-
tivity at the end of the run (Figs. 10 and 12).
Whatever the active sites may be in this
state, clean Mo seems to be most active
here. This stabilizing effect on the HDS
conversion is almost independent of the
composition in the mixed composition
range. HYD selectivity, on the other hand,
decreases linearly with increasing Co con-
tent; this can support the views (31, 32)
that different kinds of active sites may be
responsible for these processes.
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