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ABSTRACT

The effect of fluorine incorporation on alumina support on the surface structure of unpromoted
molybdenum, promoted cobalt-molybdenum and nickel-molybdenum catalysts, and their activity
for hydrogenation of cyclohexene has been studied. The incorporation of 0.2 and 0.8 wt.-% fluorine
on the alumina was carried out by impregnation with NH,F solutions. The catalysts in the oxidic
state were characterized by X-ray diffraction and ammonia adsorption and in the sulfide state by
X-ray photoelectron spectroscopy (XPS) and infra-red spectroscopy (IR) of adsorbed NO. The
absence of significant changes in the binding energy values of Mo3d and NiZp {or Co2p) levels in
the XPS spectra of the fluorine-containing catalysts as compared to the fluorine-free counterpart
does not support the existence of an electronic effect of fluorine. The quantitative XPS results
showed, however, that fluorine clearly increases the dispersion of molybdenum and promoter, this
being linearly correlated to surface fluorine content. The IR results of adsorbed NO also indicate
that fluorine incorporation leads generally to minor sizes of MoS, slabs, and more exposed pro-
mntor atnme svecant for the rohalt in the Oa-Ma /(D 2YA entalvet Tt ic csusoeated that the in-

moter atoms, except for the cobalt in the Co-Mo/F(0.2)A catalyst. It is suggested that the in
crease in the dispersion of the supported active phase is a secondary effect of fluorine incorpora-
tion, which may result from the observed textural changes of the alumina and its small partial
solubilization provoked by NH,F solution. It was found that the incorporation of fluorine en-
hances appreciably, moderately and considerably the hydrogenation activity of molybdenum, co-
balt-molybdenum an nickel-molybdenum catalysts, respectively. Such increase in hydrogenation
activity is not directly correlated to the exposed atoms probed by NO adsorption, and is only
loosely related to molybdenum dispersion for the molybdenum and cobalt-molybdenum catalysts.
The lack of similar reliable correlations for the nickel-molybdenum catalysts suggests that other
structural parameters such as extent of reduction-sulfidation and certain configurations of mo-
lybdenum ions and sulfur vacancies may govern hydrogenation activity.
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INTRODUCTION

During the last five years extensive research has been carried out on the
influence of fluorine incorporation in Co/Al,O, and Ni-Mo/Al,O; catalysts
on their surface and catalytic properties [1-12]. The interest in these studies
has essentially emerged from the increasing industrial requirement for more
effective catalysts for refining heavy crude oil fractions with high nitrogen

contents. It is well know that fluorination of alumina increases its surface acid-

ity [2,6,13,14] and therefore enhances acid-catalysed reactions. On the other
hand, surface acidity seems to be a key parameter for C-N bond cleavage re-
actions [15-17]. It is also known that removal of nitrogen from the hetero-
cyclic molecules involves ring hydrogenation prior to C-N bond hydrogeno-
lysis. However, most of the reported studies on fluorine-containing
hydrotreating catalysts have centered on the effect of fluorine on both cracking
and hydrocracking [1,5-8] as well as on hydrodesulphurization (HDS) [1,4,9-

1 ‘)] activities. Ralativelv little attention has been naid to the effect of fluorine
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on hydrodemtrogenatlon (HDN) [1] and hydrogenatlon [8,9] functionalities
of such catalysts. Boorman et al. [8] reported that fluorine addition to Co-
Mo/Al,O, catalysts increased cyciohexene isomerization and inhibited cycio-
hexene hydrogenation; only on fluorine-free Co-Mo/Al,O, catalysts was a sig-
nificant amount of cyclohexane (ca. 2.4% of yield) obtained. However, Jira-
tova and Kraus [9] reported that the addition of 3 wt.-% fluorine increased

substantially both isomerisation and hydrogenation of cyclohexene, as well as
HNAC afthinnhana Qnama nfthaoce diffarancac rnnild ha attrihiitad ta diffarances
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in the method of preparation and/or in the percentage of fluorine incorporated.
Another possible explanation for such differences would reside in the nature
of the promoter. Therefore, it was of interest to compare Co-Mo and Ni-Mo
catalysts prepared following similar preparation method.

In the present work we studied the catalytic behaviour, for cyclohexene
transformation, of Co—-Mo/Al,O; and Ni-Mo/Al,O; catalysts containing var-
ious amounts of fluorine. For comparison, fluorine-containing Mo/Al,0; and

Ni/ALO, catalysts were also examined. Characterization of the catalysts was

carried out using several techniques including, X-ray diffraction, infra-red
spectroscopy of adsorbed NO, X-ray photoelectron spectroscopy and acidity
measurements.

EXPERIMENTAL
Catalyst preparation
A y-Al,0, (Girdler T-126, BET surface area 190 m? g~ !; pore volume, 0.39

cm?® g~ 1; particle size, 100 mesh) was impregnated firstly with aqueous solu-
tions of NH,F (Merck, reagent grade) of the appropriate concentration to
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yield samples containing 0.2 and 0.8 wt.-% fluorine. As the pore filling method

was used in all preparations, a volume of solution equal to the pore volume of
Al. O, nhis a 10% excacs was amnloved After drvino at 303 K for 12 honre the
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impregnates were calcined at 723 K for 4 hours. These alumina-modified sam-
ples, denoted by F(x)A, were then used to prepare a series of Mo-, Ni-Mo- and
Co-Mo-containing catalysts by the dry impregnation method:
(NH,)¢Mo;0,,-4H,0, Ni{NO;),-6H,0 and Co(NO,),-6H,0 (all Merck, re-
agent grade) were used as precursors of the active components. The promoted
catalysts were prepared by depositing first molybdenum and then cobalt or

nickel. After molybdenum impregnation the precursor solid was dried at 393
F faor 18 honire and than caleinad at 292 K faor 4 houire Tha nramaoter-imnrac.

{ for 18 hours and then calcined at 623 K for 4 hours. The promoter-impreg-
nated samples were also dried at 393 K for 18 hours and calcined at 723 K for
4 hours. Another fluorine-free series of catalysts were prepared following the
same procedure as above. The loadings of catalysts expressed as percentages
of metal oxides were as follows: 12.0 wt.-% MoO,, 2.8 wt.-% CoO and 6.5 wt.-
% NiO. The catalysts will be referenced to hereafter as: Mo/F(x)A, Ni-Mo/
F(x)A and Co-Mo/F (x)A, where x=0.0, 0.2 or 0.8, denoting fluorine weight
percentage.

Catalytic activity

Catalytic activity measurements for cyclohexene hydrogenation were car-
ried out in a Parr autoclave operating in a batch mode at 6.28 MPa hydrogen
pressure and various temperatures in the range 573-673 K. Prior to each cat-
alytic run, the samples were presulfided in a separate fixed-bed microreactor
witha10% (v/v) H.S/H, mixture at 673 K for 4 hours. Unreacted cyclohexene

and ranntinn nrnadiinte gara analuvaad hy caa nhramatacranhe tigino a 1N07 Mo
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bowax 20M of 100/120 Chromosorb W HP column (4 mx1/8” O.D.). Reac-
tion rates for cyclohexene hydrogenation (ryyp) and isomerization (rgo) re-
actions were calculated from cyclohexene conversions to cyclohexane and
methylcyclopentene isomers, respectively, measured after a 4-h run.

Catalyst characterization

Mha Y _wnavy diffrantion na ++nwna wars rocardad vigine
10 A-TaY GQLIITaCllon patierns were reCoraea usin

DPhiline PW 1720/10
X S L vy

a Phili 1730/10
diffractometer using Ni-filtered CuK« radiation, under constant instrumental
parameters.

The determination of acidity of the oxidic precursors was based on mea-
surements of ammonia adsorption. The ammonia adsorption-desorption pro-
files were automatically monitored by microgravimetry on a Perkin Elmer
thermoanalyser interfaced to a data system. The samples were heated at a rate
of 10 K min~! until 723 K in a nitrogen stream and allowed to cool down to

room temperature. Thenal:1 (v/v) NH.-N, mixture was intradiicad and tha
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extent of ammonia adsorption measured when equilibrium was attained. Am-
monia was subsequently desorbed by temperature programming (10 K min—!)
up to a final temperature of 723 K in a nitrogen flow. The number of acid sites,
expressed as umole NH; per gram, was calculated from the extent of ammonia
adsorption at room temperature.

Infrared experiments were carried out in a special cell, assembled with
greaseless stopcocks and KBr windows, which permitted either static or dy-
namic treatments. The sulfide samples were pressed into very thin waters
(thickness: 10.0-11.6 mg cm~?). These samples were purged with helium at
673 K for 0.5 hour and then resulfided in situ with a 10% (v/v) H,S-H, mix-
ture for 1 hour at the same temperature. After purging the cell with helium,
the samples were heated at 773 K and outgassed for 1 hour, then cooled to
room temperature. They were subsequently contacted with 4.0 kPa NO for 0.5
hour. All spectra were recorded on a Nicolet ZDX FTIR spectrophotometer at
a resolution of 2 cm 1.

X-ray photoelectron spectra (XPS) were obtained by using a Leybold Her-
aeus LHS 10 spectrometer with a hemispherical electron analyser and a mag-
nesium X-ray excitating source (MgKa=1253.6 eV). The powdered samples
were sulfided separately in a 10% (v/v) H,S—H, mixture at 673 K for 4 hour,
and then collected under iso-octane and pressed into small holders under the
meniscus of iso-octane to prevent oxidation by air. These holders were fixed
to a long rod placed in an introduction chamber. The samples were outgassed
down to 10~ ? Pa before they were moved into the analysis chamber. The pres-
sure in this turbopumped main vacuum chamber was maintained at ca. 5-10~7
Pa during data acquisition. Each spectral region was signal averaged for anum-
ber of scans to obtain good signal-to-noise ratios. Although surface charging
was observed in all samples, accurate binding energies (BE) could be deter-
mined by charge referencing with the adventitious Al 2p line at 74.7 eV,

RESULTS
X-ray diffraction (XRD) and specific surface areas

Examination of XRD spectra of the oxidic precursors of the catalyst studied
revealed only diffraction lines characteristic of y-Al,O,. Other crystalline
structures at the XRD scale (i.e. ca. 4 nm crystal size), such as AlF;, MoO,,
Co40,, NiO or any other defined compounds from binary combinations, were
not detected.

Surface area of the unmodified alumina decreased slightly from 190 m® g~
to 177 and 174 m? g~ ! for the fluorine-modified samples F(0.2)A and F(0.8)A,
respectively. Although these variations are within the experimental error of
the technique, the tendency can be considered significant, as it follows the
same trend usually observed in other works in which a larger range of fluorine-

1
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containing samples were studied [11,12,14,18,19]. In agreement with the lit-
erature findings for fluorinated alumina [14], the loss of surface area can be
primarily associated with a partial dissolution of the Al,O; at the thin walls
between micropores by NH,F. This was supported by comparing the low rel-
ative pressure regions of the nitrogen adsorption-desorption isotherms of the
F(0.0)A and F(0.8)A samples, and their pore-radius distribution. Both aver-
age and mode pore radius were ca. 0.5 and 0.7 nm, respectively, larger for the
F(0.8)A sample.

It should be mentioned that the surface areas of Mo/F (x)A and Ni(or Co)-
Mo/F(x)A catalysts were essentially the same as those of the F(x)A
counterparts.

Acidity

The dependence of surface acidity, as estimated by ammonia adsorption, and
fluorine content for the F(x)A, Mo/F(x)A and M-Mo/F{x}A (M=Co or Ni)
catalyst series is shown in Fig. 1. As expected, fluorine incorporation produced
a marked enhancement of alumina acidity, with a maximum generally for the
0.2 wt.-% preparation. In agreement with results of other studies [2,6,20-23],
a much more pronounced acidity increase is observed after molybdenum in-
corporation on the fluorine-free and fluorinated aluminas. Subsequent incor-
poration of promoter (Ni or Co) brings about additional acidity changes. In
the case of Ni, the acidity of the Ni-Mo/F (x ) A preparations was slightly higher
than that of the Mo/F (x)A counterparts. On the contrary, cobalt incorpora-
tion in the Mo/F (x) A preparations resulted in a marked acidity decrease, al-
though it was always maintained above that of the F(x)A preparations. This
finding agrees with some literature data in that addition of cobalt to Mo/Al, O,
base catalysts destroys Bronsted acid sites associated to the MoO; phase
[6,20,22]. In general, the changes in acidity caused by addition of cobalt or

(Y] w
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NH, Adsorption {mmol/g cat)
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Fig. 1. Dependence of ammonia adsorption capacity at room temperature on fluorine content in
catalysts: (O)F(x)A; (O)Mo/F(x)A; ([0)Ni-Mo/F (x)A; (A)Co-Mo/F(x)A.
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nickel to Mo/F(x)A samples are likely to be associated with the arrangement
of molybdenum and cobalt or nickel species on alumina and the interaction
between Co (or Ni) and Mo species, as previously suggested [20,22].

IR of adsorbed NO

IR spectroscopy of the NO molecule adsorbed on sulfided hydrotreating cat-
alysts has been established as a powerful technique to give valuable informa-
tion on the structure of promoter and molybdenum ions (see, e.g., ref. 24 and
references therein). The IR spectra of NO adsorbed on sulfided Mo/F(x)A
and M-Mo/F (x)A (M=Co or Ni) catalyst series are given in Fig. 2.

Adsorption of NO on sulfided Mo/F(x)A catalyst series gave rise to the

intensity {a.u)

Il
1900 1800 1700 1600
Wavenumber {cm-1)

Fig. 2. IR of adsorbed NO on sulfided catalysts: (a) F(0.0)A; (b) F(0.2)A; and (c¢) F(0.8)A.




229

characteristic doublet at 1710 and 1800 ¢cm ! arising from NO pairs, either in
a dimeric or dynitrosyl configuration. It is clear from Fig. 2 that fluorine con-
tent did not influence band position, aithough significant intensity changes
were observed. For the promoted M-Mo/F (x)A (M=Co or Ni) catalysts. The
bands of NO adsorbed on Co®* at about 1800 and 1880 cm !, on Ni** at ca.
1846 cm~?, and on Mo?* sites (6<5), if any, at 1710 and 1800 cm ~*, are sim-
ilar to those reported in the literature [24,25]. In the case of Ni-Mo/F(x)A
catalysts, a very intense and broad band centered at ca. 1846 cm~! and a small
shoulder at ca. 1700 cm ™" are observed. Since the band at 1700 cm~! is due
exclusively to Mo’ sites, it indicates that only a small fraction of these sites
are exposed. However, the broadening and asymmetry on the lower wavenum-
ber side of the and at ca. 1846 cm ™! indicates the presence of adsorbed NO,
mostly as monomeric NO adsorbed species, and probably including a certain
proportion of highly distorted trans-dimer (NQO), species.

To get some insight on the changes of NO adsorption induced by the fluorine

incorporation to the catalysts, the absorbance of characteristic NO bands is

i).i(v)&edv ;;S-;%;ngvct};; ;)f the fluorine content (Fig. 3). As can be seen, the ab-
sorbance of NO adsorbed on sulfide Mo?* sites for both the Mo/F (x)A and

AT 24

Co-Mo/F(x)A series {Fig. 3a), on suifide Ni** sites for the Ni-Mo/F({x)A
series (Fig. 3b), and on sulfide Co®* sites for the Co-Mo/F (x)A series (Fig.

P~ ®
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Fig. 3. Absorbance of the bands of NO adsorbed on: (a) Mo where (O ) =Mo/F(x)A and (@)=Co-
Mo/F(x)A; (b) Ni; and (c¢) Co, for sulfided catalysts as a function of fluorine content.
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3c), depends markedly on the fluorine content of catalysts. In general, the
absorbance of NO on sulfide Mo®*, Ni%?* and Co?* sites increases for the

TN QYA nuananrg 43~ vt +h wacmnant +a tha fliiawina fean an a el
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exception is the Mo/F (x)A series whose absorbances did not change signifi-
cantly ). However, the most important changes occurred on Mo/(0.2)A, CoMo
F(0.2)A and Ni-Mo/F(0.2)A specimens. For instance, absorbance increased
for NO adsorbed on Mo’* sites, in both Mo/F(0.2)A and Co-Mo/F(0.2)A
catalyst, and on Ni?" sites, in Ni-Mo/F(0.2)A catalyst, while it was much
lower on Co®* sites in Co-Mo/F(0.2)A preparation. In principle, this latter
result seems somewhat striking, but a careful inspection of spectrum line shape

woveala o Al highan avrmmaitinm f MMadt oltnn (Anihlad ot 1Q0N_ 1710 avn — 113
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than of Co®™ sites (doublet at 1880-1800 cm~!). This strong inhibition of NO
adsorption on sulfide Co®™ sites in Co-Mo/F (0.2) A preparation suggests that
most of the Co?>* incorporated during preparation is lost by formation of te-
trahedrally coordinated CoAl,O,-like species at the alumina interface during
the calcination step, which are then difficult to sulfide.

X-ray photoelectron spectra

The Mo 3d and S 2s region of the photoelectron spectrum has been recorded
for all catalysts. The Mo 3d doublet is rather well resolved (Fig. 4) and the BE
values for the Mo 3d;,, and Mo 3d;,, levels were 229.1 and 232.2 eV, respec-
tively, which fit well with literature data for MoS, species [26,27]. Although a
small S 2s peak is observed on the lower BE side of the Mo 3d;,, peak, no
further attention will be paid to this line. Table 1 and Fig. 4 show that BE
values remain essentially unchanged, within the accuracy of the spectrometer
whatever the fluorine content. When the quuou5/2/ LV{UUU3/2 ulb%i‘iSuy ratio is
calculated for all preparations, a minimum is found for the F(0.2) catalysts
while it increases slightly for F(0.8) preparations with respect to the F(0.0)
counterparts. This would indicate that fluorination up to ca. F(O.2) inhibits
the extent of sulfidation and/or reduction (higher BE values) of Mo®™ species.

Some differences are also observed in the BE of Co 2p;,, and Ni 2p;, levels
in the promoted catalysts. An examination of the data in Table 1 reveals that
the BE depends to some extent on the fluorine content of the catalysts For:
the Co-Mo /F (.L }a series the uight’ESL BE correspends to the preparation F \U 2 },
while it decreases for F(0.0), and decreases much more for F(0.8) prepara-
tions. For the Ni-Mo/F (x) A series, these differences, if any, are much smaller.
In addition, no significant changes were found in the BE of Ols, S2p and F1s
levels.

To get an idea of the relative abundance of the surface Mo and promoter
{Co or Ni) ions as well as of the possible changes introduced by fluorine in-
corporation, the XPS intensities of the Mo 3d relative to the Al 2p peak have

| "IN P -l..¢A,J Al s laddnd colil dlnd AL Eln T 1o maladicorn 40 A1 Qun annanls
PECIL Lalltulaled allu piotieu Wllzll bllab Ul viie r Lb reiative to Al P pean \J. 15
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Fig. 4. XP spectra of the Mo 3d and S 2s levels for the sulfided catalysts: (a) Mo/F(0.0)A; (b)
Mo/F(0.2)A; (c) Mo/F(0.8)A; (d) Co-Mo/F(0.0)A; (e) Co-Mo/F(0.2)A; (f) Co-Mo/F(0.8)A;
(g) Ni-Mo/F(0.0)A; (h) Ni-Mo/F(0.2)A; and (i) Ni-Mo/F(0.8)A.

5a). A similar plot of the XPS intensities of the M 2p (M=Ni or Co) relative
to Al 2p peak versus that of the F 1s relative to Al 2p peak is given in Fig. 5b.
For the promoter-free preparations, Mo/F (x)A series, the ratio of Mo-to-Al
intensities is very high, increasing slightly with F-to-Al ratio. The Mo-to-Al
ratio for the Mo/F(0)A preparation is a somewhat higher (31%) than that
predicted by the model of Kerkhoff and Moulijn [28]. This indicates that mo-
lybdenum oxide is not homogeneously distributed over the alumina surface:
the external surface of the catalyst grains became Mo-enriched during prepa-
ration. It is suggested that a small fraction of the molybdate solution filling the
pores is carried away from the pores during the drying step where molybdate
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TABLE 1

Binding energies (eV) of several atomic levels for sulfided catalysts
All binding energies were referenced to the Al2p peak at 74.7 eV

Sample Ols Mo3d;,, S2p Co2p;y/a Ni2p;/s Fls
Mo/F(0)A 5314 228.9 162.0 — — —
Mo/F(0.2)A 531.7 229.0 162.2 — — 685.7
Mo/F(0.8)A 531.4 228.9 162.0 — — 685.2
Co/Mo/F(0)A 531.6 229.4 162.6 779.6 — —
CoMo/F(0.2)A 531.6 229.1 162.7 780.7 - 685.3
CoMo/F(0.8)A 531.2 229.0 162.3 778.7 — 685.1
NiMo/F(0)A 531.3 229.1 162.3 - 854.1 —
NiMo/F(0.2)A 531.6 229.2 161.9 — 853.7 685.6
NiMo/F(0.8)A 531.8 229.0 162.0 — 853.8 685.6

Ni or CosAl XPS ratio
g

T
\&

o
s
o

Mo/Al XPS ratio

It

!
0.04

1
008
F/AL XPS ratio

012

Fig. 5. Correlation between (a)} Mo-to-Al, (b) Ni (or Co)-to-Al and F-to-Al XPS ratios. Catalyst
series: (A ) Mo/F(x)A; (O) NiMo/F(x)A; (O) CoMo/F(x)A.

precipitates, thus producing Mo surface enrichment. A similar effect has been
found recently for other molybdenum-based catalysts prepared from the same
molybdate precursors [29,30]. For promoted catalysts, Mo-to-Al ratios also
increase with F-to-Al ratios, but the relative values were much lower, 40% and
46% for the NiMo/F(x)A and CoMo/F (x)A preparations, respectively (Fig.
5a). The same tendency is observed for the M-to-Al (M=Ni or Co) intensity
ratios when they plotted against F-to-Al (Fig. 5b), although in this case the
M-to-Al ratios are lower by a factor of ca. 6. As the F-to-Al intensity ratio is a
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measure of the fluorine concentration at the alumina surface, both the molyb-
denum and promoter exposures increase with fluorine concentration.

Catalytic activity

Cyclohexene conversion at 573 K on the Ni-Mo/F (x) catalyst series is given
in Fig. 6 as function of reaction time. Similar trends were generally observed
on the other catalyst series. The reaction products over Ni(Co)-Mo/F(x)A
catalysts were essentially cyclohexane; traces of methylcyclopentene isomers
were also found in some cases, generally on F(0.8) samples and at reaction
temperatures higher than 613 K. The variations of the reaction rate for hydro-
genation of cyclohexene to cyclohexane (ryyp;) determined at various temper-
atures as a function of F(x) for Ni- MO/F(x)A and Co-Mo/F (x)A catalysts
are presented in Fig. 7a and 7b, respectively Hydrogenation activity increased
for F(0.2) preparations, but it leveled off at higher fluorine contents. It should
be noted that the increase in activity caused by fluorination was relatively
larger for the Ni-promoted than for the Co-promoted catalysts. In fact, it can
be seen from Figs. 7a and 7b that the activity of the Ni-Mo/(x)A catalysts
increased by a factor of ca. 4 with respect to its fluorine-free counterpart, while
the activity of the Co-Mo/F (x) A catalysts increased by a factor of 1.5 relative
to its fluorine-free homologue.

For the unpromoted Mo /F (0.0)A catalyst, the principal reaction observed
was also hydrogenation, but isomerization was always detected although 10 a
neglibible extent. Similarly to the fluorine-containing promoted Mo catalysts,
the other two Mo/F(x)A (x=0.2 and 0.8) catalysts showed slightly increased
hydrogenation activity (Fig. 7c). However, the most important difference be-
tween the Mo/F(0.0)A and Mo/F (x)A (x=0.2, 0.8) catalysts is that the iso-

merization reaction increased greatly for fluorinated samnbles. This effect of

C11ZAa01010 1eaCliQil LIIIeasoll Jitall =alllppits, 218 Bl

223
(&)
-

i
(=]
2

x

Cyciohexene conversion (%)

{\

0 1

Wie 8§ DNenande

oo oy
L1g. 0. 1PCRGENTC O

lyst: where x is 0.0 (O), 0.2



234

~
L]
T

S
-\\

o
—
-

Reaction rate for hydrogenation (mol/g cat min)x 103

4
—
2
g .
0 | 1 1 1
©
A
2k A
T
,_J::':HZ_' 5
| 1 1 —
v 0.2 04 06 0.8
Fiwt%)

Fig. 7. Variation of the reaction rate for the hydrogenation of cyclohexene with fluorine content
(a) Ni-Mo/F(x)A; (b) Co-Mo/F(x)A; (¢c) Mo/F(x)A. Reaction temperature: (@) 573 K; ([J)
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Fig. 8. Variation of the reaction selectivity as a function of fluorine content of the Mo/F(x)A
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Fig. 9. Correlation between Mo-to-Al ratio and ryyp for: (a) Mo/F(x)A; (b) Co-Mo/F(x)A at
different reaction temperatures (Symbols as in Fig. 7).

fluorine incorporation on reaction selectivity is illustrated in Fig. 8. It is clear
that the rate of isomerization increased enormously due to the fluorination.
This becomes comparable to or slightly less than (depending on the reaction
temperature) the rate of hydrogenation.

In order to check whether the catalytic activity of the Ni-Mo/F (x)A cata-
lysts is a result of synergism, the Ni/F(0.2)A catalyst was also tested. The
activity of this catalyst was found to be extremely low at reaction temperatures
below 613 K. When it was appreciable, the predominant reaction was hydro-
genation. Thus, at 573 K the ryyp of the Ni/F(0.2)A catalyst was 2.9-107¢,
about a half of that of the Mo/F(0.2)A and ca. 100 times lower than that of
the Ni-Mo/F (0.2} A catalysts, which indicates that a synergism effect occurs
for the Ni-Mo/F (x) A catalysts.

DISCUSSION
Effect of fluorine on catalyst structure

On the basis of XRD and the BE values of F 1s, formation of AlF;-like com-
pounds on the present catalysts should be excluded, suggesting that fluorine is
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well dispersed over the alumina surface. This finding is consistent with recent
results of Okamoto and Imanaka [31] who showed that F~ ions were mono-
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about 10-10'® F~ em ™2, which is close to the maximum F~ loading (13.3-10'3
F~ cm~2) used here. On the other hand, the BE of F 1s found for all the cat-
alysts indicates that fluorine may not interact with Mo and promoters. How-
ever, from both XPS and IR results it is evident that the incorporation of
fluorine influences the dispersion of both Mo and promoters. According to the
BE of Mo 3d;» for the Mo/F (0.0) A catalyst (228.9 eV ), upon sulfiding, oxidic
Mo species were completely converted to small slabs of MoS,, presumably of
different sizes and number of 1ayers These are, presumamy, distributed in-
homogenously on the alumina surface, with some Mo-enrichment at the outer
surface of alumina, as revealed by the higher XPS Mo-to-Al ratios than those
predicted by a theoretical model for monolayer dispersion [28].

The prior incorporation of fluorine caused a slight increase in the Mo-to-Al
ratio, which could reflect, in principle, major inhomogeneity, i.e. more molyb-
denum deposited on the outer alumina surface, and/or an actual improvement
of Mo dispersion The last interpretation is, however, more likely as the trend
of the Mo ou5/2/ Mo ou3/2 ulwusuy ratic of LVJ.O/IF (JL)A catalysts indicates that
the fraction of non-reduced or non-sulfided Mo®* species increases for Mo/
F(0.2)A catalyst. For this catalyst, the relatively minor reducibility or sulfi-
dation of MoQ; precursors might be attributed to an increase in the interac-
tions between molybdate and alumina caused by the increase in the dispersion.
This explanation is consistent with the slight increase in the absorbance of NO
found for the Mo/F (0.2)A catalyst (Fig. 3a). As the NO molecule probes Mo
species placed both in inner pores and on the outer external surface, reﬂecting

LIIU blLe Ul Llle LVIUDQ bldl)b '_OLJ, ll/ cdall UU LUIILIUUUU l/l.ldb J.lLlU].lIlU plUVUl&Cb a
slight increase in Mo dispersion for the Mo/F (0.2) A catalyst. For the Ni- and
Co-promoted catalysts, since they were prepared by succesive impregnations
(promoter last), it is expected that the previous fluorine effect of increasing
Mo dispersion was not substantially changed. Indeed, Fig. 5b shows that the
Mo-to-Al ratio increases with increasing fluorine content. Moreover, Fig. 3a
shows that the absorbance of No and Mo®* species was, relatively, much larger
for the Co-Mo / F(x)A (x=0.20r0.8) catalysts than for the F-free counterpart

LOI‘TODOI‘&tlng the conclusion based on XPS results. On the basis of NO and U2
chemisorption data, similar results were previously found for Ni-Mo/F(x)A
catalysts prepared by a procedure similar to that described here [3]. More
recently [11,12] for catalysts where specifically fluorine was incorporated after
deposition of Mo and Ni(or Co), it has been shown that fluorine causes gen-
erally an increase or a decrease in the dispersion of Mo and promoter, depend-

ing on the F~ content range used and the nature of the promoter.
A tentative explanation for the F-induced Mo dispersion, based on the de-
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crease in the isoelectric point (IEP) after alumina fluorination and the differ-
ent preference of adsorption of monomeric MoO%~ and polymeric Mo70 7
OxyanlUIlb, I_laS ueen suggeswu [JJ HUWBVUI' recent I'Ebu.ll]b on LHB d(.lbUI'le()n
of molybdates on modified alumina showed that the overall adsorption of the
Mo oxyanions decreased by decreasing the IEP of the alumina upon fluorine
incorporation [19]. Thus, factors other than chemical may contribute to the
observed effect of fluorine on Mo dispersion. The partial solubilization of the
alumina during the first NH,F impregnation step may alter the dispersion of
molybdate and promoters. A small fraction of the surface AI** cations is sol-
ubilized by fluoride treatment, which remains in solution until water remowval
Uy evaporauun After urylng, those ions agam preuplLdLe as AI\UI‘J.);;, thus
forming a coating over the alumina surface. Upon calcination at 723 K, such a
species becomes partially decomposed and provides new adsorption sites for
molybdate partially decomposed and provides new adsorption sites for molyb-
date and promoters in the further impregnation sequence. This hypothesis is
in agreement with the XPS results [Figs. 5a and 5b]. As the new alumina layer
is generated, a quite different dlstnbutlon of molybdena and promoter (Co or
Ni) is expected to occur. Attention is paid to Co owing to its lesser abundance.
On the basis of the solubilization—precipitation model for the coating of alu-
mina, a larger proportion of promoter ions (Co®*) would be lost for Co-Mo/
F(x)A (x=0.2,0.8) that for its Co-Mo/F (0.0) A counterpart as a greater num-
ber of alumina sites, able to form CoAl,Q, species through solid state reactions,
are available in the former case. This interpretation is supported by the infra-
red spectroscopy of the NO adsorbed which indicated an important decrease
(Fig. 3) of the octahedral Co®*, where adsorption sites are usually assumed to
take place, with subsequent increase of the exposure of molybdena. A similar
behaviour would be expected for Ni-Mo/F{x)A catalyst. However, a slight
increase of the Ni®** exposure was still observed for Ni-Mo/F(0.2) A prepa-
ration. Due to the higher Ni content of the catalysts, rather than the Co con-
tent of its counterparts, this increase is reasonable and the loss of Ni in the
NiAl, O, spinel may be compensated for by a better dispersion of the remaining
nickel oxide which then undergoes sulfidation. Such a distribution of Ni spe-
cies cannot be unambiguously established by XPS because Ni 2p peaks become
poorly resolved and broadened. However, as the BE of the Ni 2p3 /2 at 853.7eV

OI tne lVl J.VlO/l‘ (U.Z2)A CaEalySE IS CIOSG to Enat at 853.2 e V IUI‘ l‘llgbg, lE I'ebultb
that the most abundant Ni species is well sulfided.

Effect of fluorination on catalytic activity

Activity results show clearly that fluorine incorporation in the catalysts leads
to an increase in hydrogenation activity, which is appreciable for the unprom-
oted Mo, moderate for the Co-promoted, and considerably larger for the Ni-

promoted catalysts. As the BE of Mo 3d levels for all catalysts were essentially
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the same, the catalytic activity increase brought about by fluorination does not
seem to be due to any electronic effect of F~ or a Mo-F interaction. This sug-
gestion is also corroborated by the absence of a significant shift in the BE of
the S 2p, F 1s and Ni 2p;,, levels for all catalysts. In the case of the Co-Mo/
F(x)A catalysts, the observed slight increase in the BE of Co 2p;,, from 779.6
eV (for x=0.0) to 780.7 eV (for x=0.2) and then a subsequent decrease to
778.7 €V (for x=0.8) can be related more to changes in the dispersion of Co,Sg
[12] than to an electronic effect.

From the fact that the catalytic activity and the dispersion of Mo and pro-
moters are clearly changed by fluorine incorporation, it might be inferred, in
principle, that the enhancement of hydrogenation activity is directly related
to the dispersion increase. However, such a relationship cannot be drawn at
first instance if the data are examined more closely. Thus, Fig. 9 shows that
the Mo-to-Al XPS ratios and hydrogenation activities for the Mo/F (x)A and
Co-Mo/F(x)A catalyst series correlate satisfactory, although following a dif-
ferent linear relationship for each catalyst series. However, the M-to-Al XPS
ratios and hydrogenation activities correlate only roughly (not shown here),
and do not go through the origin. This type of pseudo-linear correlation indi-
cates that the dispersion of Mo and, especially, of promoter is not the key
structural parameter which may control hydrogenation activity, but Mo dis-
persion is essential for it. At present, the idea more generally accepted is that
the active sites for hydrogenation reactions reside at the edge planes of MoS,,
and their concentration depends primarily on the slab size. In this respect, it
is important to consider the results of NO adsorption, as it has been stated that
NO adsorption occurs exclusively at edge sites of MoS, [33]. It is significant
that only a rough linear correlation between NO adsorption on Mo (Fig. 3) for
the Co-Mo/F (x)A catalysts and their hydrogenation activity can be drawn,
and no correlation between NO adsorption on exposed promoter atoms and
hydrogenation activity is obtained. This lack of correlation, also found be-
tween NO adsorption and hexane hydrogenation activity on differently mod-
ified alumina-supported Mo catalysts [30,34], contrasts with reliable corre-
lations between NO adsorption and HDS reactions reported. It appears once
more that hydrogenation and HDS do not involve the same catalytic sites, as
it has generally been reported in the literature (see, e.g., refs. 30 and 34 and
references therein }. Recent papers have provided evidence that the generation
of different active sites is the result of some configurations of Mo ions and
sulfur vacancies, three coordinatively unsaturated sites (CUS) being required
for hydrogenation [35,36]. On this basis, and considering that in the present
study the hydrogenation activity can be better correlated with the results of
Mo dispersion than with those of promoter dispersion, one may speculate that
the increase in hydrogenation activity induced by fluorine incorporation may
predominantly be due to changes in Mo dispersion and the resulting variation
in reducibility and sulfidation extent. Furthermore, since the Ni promoter ef-
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fect is clearly manifest, besides an enhancement of Ni dispersion by fluorine

incorporation, the primary improvement in Mo dispersion may subsequently
lead to more Ni atoms located in edge positions of MoS, and, consequently, to

all VO 1LL0DIE NI ALUDILLS 1OCAV0L 11D 2GR PLRILIVIIS O VAU 4allll, CLLICaVREIL &y WU

facilitate the reduction of Mo by an electromc transfer from Ni to Mo. In the
case of the Co-Mo/F(x)A catalysts, the effect is lessened because the Co con-
tent is relatively lower and the electronic transfer effect is also lower than for
Ni.

Finally, the observed change in reaction selectivity for the Mo/F (x)A cat-
alysts (Fig. 7) agrees with the parallel increase in acidity caused by fluorine
incorporation (Fig. 1). In the case of the Ni-Mo/F (x) A catalysts, whose acid-

ity is comparable to that of the Mo/F (x) A counterparts, the strong hydrogen-
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ation functionality of Ni controls reaction selectivity.
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