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The effect of fluorine on the hydrogenation of cyclohexene over
sulfided NiMo catalysts supported on AlO3 and amorphous silica—
alumina (ASA) was studied at 5.0 MPa and between 310 and 350°C.
Fluorination was performed in situ after sulfidation of the catalyst.
The hydrogenation of cyclohexene produced mainly cyclohexane
over the Al,O3-supported catalysts. On the ASA-supported cata-
lysts, large amounts of the isomerization products methylcyclopen-
tene and methylcyclopentane were formed in addition to the hydro-
genation product cyclohexane. At the applied partial pressure of
cyclohexene between 16 and 100 kPa, the hydrogenation is between
zero and first order in the partial pressure of cyclohexene on all cata-
lysts. The Al,Osz-supported catalysts showed higher conversions
of cyclohexene than their ASA-supported counterparts. Fluorina-
tion mainly enhances the isomerization of cyclohexene to methylcy-
clopentene. Kinetic parameters were obtained by fitting the Kinetic
data with Langmuir-Hinshelwood rate equations in a wide range of
conversions. The unchanged activation energy and heat of adsorp-
tion for the hydrogenation of cyclohexene to cyclohexane indicate
that the active sites for hydrogenation are not influenced by in situ
fluorination. The activation energy for the isomerization of cyclo-
hexene remained constant after fluorination. In situ fluorination
introduces more acid sites for the isomerization reaction over both
the Al;03- and ASA-supported catalysts.  © 2002 Elsevier Science (USA)

Key Words: hydrogenation; cyclohexene; methylcyclopentene;
in situ fluorination; NiMoS; Al,Oz3; silica—alumina.

INTRODUCTION

Fluorine is widely used as an additive in hydroprocessing
catalysts. Its role in Al,Os3 catalysts and Al,Os-supported
catalysts has been reviewed by Ghosh and Kydd (1). Re-
cent studies have furthered the understanding of the effect
of fluorine in hydrotreating catalysts (2-10). Fluorination
is conventionally performed by impregnating the support
with a fluoride salt, such as NH4F (see, e.g., Refs. 3,4). After
NH4F impregnation, drying, and calcination, molybdenum
and nickel salts are introduced as usual by impregnation.
After a subsequent calcination, the resulting materials are
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sulfided in a stream of H,S in H,. The disadvantage of this
method is that the dispersion of MoS, and Ni may be dif-
ferent in fluorine-containing and fluorine-free NiMo cata-
lysts. Thus, it is difficult to compare their catalytic prop-
erties. In situ fluorination, after preparation of the NiMo
catalyst in the sulfidic form, has been described in patents
(see, e.g., Refs. 11, 12), but not in the open literature. Be-
cause the metal sulfides are prepared before fluorination
in this method, the catalyst dispersion might not be influ-
enced by the fluorination. /n situ fluorination may thus al-
low us to investigate the role of fluorine without having to
deal with the complication of different dispersions of the
metal sulfide phase in fluorine-free and fluorine-containing
catalysts.

Therefore, we studied the effect of in situ fluorination
of sulfided NiMo catalysts supported on y-Al,O3 and
amorphous silica—alumina (ASA) on hydrodenitrogena-
tion (HDN). By comparing the kinetic parameters of the
different catalysts, the effect of fluorination on the catalytic
activity, the reaction network, and the active sites can be
determined. As a model compound we chose o-toluidine
because its HDN network contains all the reactions (hy-
drogenation of the aromatic ring, elimination, hydrogena-
tion of the resulting olefin) that are essential for HDN.
During the HDN of o-toluidine, the first intermediate, o-
methylcyclohexylamine, is only present in minor amounts
since its rate of formation is slow and its rate of elimination
to the second intermediate, methylcyclohexene (MCHE), is
fast. MCHE reacts relatively slowly to methylcyclohexane
and is therefore always present in large amounts (13).

The hydrogenations of cyclic olefins and aromatics are
important reaction steps in industrial hydroprocessing and
are efficiently performed over sulfide catalysts such as
NiMo and NiW supported on Al,O3 and ASA (14, 15).
The hydrogenation of cyclic olefins plays an important role
in HDN and hydrodesulfurization reaction networks and
occurs on a different site on sulfide catalysts than the C-N
and C-S bond cleavage reactions (16). Many studies have
been devoted to the kinetics and to the mechanism of
the hydrogenation of olefins over metallic catalysts (see,
e.g., Refs. 17-19). Little attention has been paid, however,
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to the catalytic chemistry and kinetics of hydrogenation
reactions over sulfide catalysts.

In order to study the detailed mechanism of the HDN
reaction, it is necessary to study the kinetics of the hydro-
genation of MCHE separately. Because of the similarity
of cyclohexene (CHE) and MCHE, we used CHE as the
model compound.

EXPERIMENTAL

The catalysts, containing 4 wt% Ni and 13 wt% Mo, were
prepared by pore volume impregnation of y-Al,O3 (Con-
dea) and ASA (Shell) with aqueous solution of ammonium
molybdate tetrahydrate (Fluka) and nickel nitrate hexahy-
drate (Fluka), followed by drying at 120°C overnight and
calcination at 500°C for 4 h in air after each impregnation
step. The resulting NiMo/Al,O3 catalyst had a pore vol-
ume of 0.42 ml - g~! and a surface area of 155 m?-g~! as
determined by BET nitrogen adsorption. The NiMo/ASA
catalyst had a pore volume of 0.43ml - g~ and a surface area
of 265m? - g~'. An amount of 0.02-0.05 g of catalyst diluted
with 8 g of SiC was loaded in a continuous-flow fixed-bed
microreactor. After loading in the reactor, the catalyst was
dried for 2 h at 400°C and then sulfided with a mixture of
10% H,S in H; at 1.0 MPa. Sulfidation started from ambi-
ent temperature with a slow increase in 14 h to 370°C; the
temperature was then maintained at 370°C for 2 h.

The in situ fluorination was performed after the sulfida-
tion step. The pressure was first increased to that of the
reaction condition (5.0 MPa) with the sulfiding gas. Af-
ter cooling the reactor to 200°C, a solution of 0.26 wt%
o-fluorotoluene (Fluka) in n-decane (Fluka) was dosed to
the reactor with a syringe pump (Isco 100D). The temper-
ature was slowly raised to 370°C and kept for 48 h, while
the sulfiding and fluorination gas was flowing through the
reactor. The fluorine contents in the thus-fluorinated cata-
lysts was about 1 wt%, as determined by X-ray fluorescence
absorption.

After activation, the temperature was adjusted to 350°C,
and the sulfiding and fluorination gas was switched to
pure hydrogen. Then a solution of CHE, octane (solvent),
n-heptane (HEP, internal standard), and dimethyldisulfide
(to generate H,S in situ) (all from Fluka, without further
treatment) was fed to the reactor with a high-pressure sy-
ringe pump (Isco 500D). The temperature range studied
was between 310 and 350°C. Partial pressures at the reac-
tor inlet were Pcyg =16, 60, or 100 kPa, Pygp =0.1 kPa,
Pu,s =17.5 kPa, Py, =4.8 MPa, and octane as the bal-
ance. The liquid feed rate was varied between 0.039 and
0.50 ml- min~".

The reaction products were analyzed by online gas chro-
matography on a Varian Star 3400CX instrument equipped
with a 30 m DB-5MS fused silica capillary column and a
flame ionization detector. Kinetic data were obtained by
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varying the weight time and reactant initial partial pres-
sure after stabilization for 20 h. Weight time was defined
as T = mc/ Nieed total, Where mc denotes the catalyst weight
and 7feed.total the total molar flow fed to the reactor. The
hydrogen flow rates were always changed in proportion to
the liquid flow rates. No diffusion and transport limitations
were detected under the conditions studied. This allowed
us to model the reaction with a Langmuir-Hinshelwood
mechanism using nonlinear numeric fitting of the data with
the SCIENTIST programme from MicroMath Inc. The
goodness-of-fit is indicated by the model selection criterion
(MSC) and is defined by the formula

’

MSC = 11’1(27:1 wi(Yahs,- - Yobs)z) _ 2_[7

Zi:] w; (Yobx, - Y(ralf)z n

where Y 5 is the weighted mean of the observed data Y s,
Y.a,1s calculated data, p and n are the number of parameters
and the measured points in the model, respectively, and w;
is the weight applied to the points. All the weight factors
were taken to be equal to 1 in our fitting. The larger the
value of MSC, the better the fit.

RESULTS

Hydrogenation of CHE

The reaction network for the hydrogenation of CHE is
shown in Fig. 1. Over the NiMo/Al,Oj3 catalyst, the main
product of the hydrogenation of CHE was cyclohexane
(CH), as shown in the product distribution versus weight
time plot in Fig. 2a. Two types of skeletal-isomerization

products were observed, ie., methylcyclopentenes
kH
ci
CH

Sy

MCPE MCP

FIG. 1. Reaction scheme for the hydrogenation of cyclohexene
(CHE) to cyclohexane (CH) and for the isomerization of CHE to methyl-
cyclopentene (MCPE) and its subsequent hydrogenation to methylcy-
clopentane (MCP) over sulfided NiMo/Al,O3 and NiMo/ASA catalysts.
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FIG. 2. Productdistribution during the hydrogenation of cyclohexene
(CHE) to cyclohexane (CH) and the isomerization to methylcyclopentene
(MCPE) and methylcyclopentane (MCP) at 350°C over (a) NiMo/Al, O3
and (b) NiMo/ASA.

(MCPEs) and methylcyclopentane (MCP), which is formed
by successive hydrogenation of MCPE. The conversion
to these isomerization products was always less than 1%
over NiMo/Al, O3, but reached 15% for the fluorinated
NiMo/Al, O3 catalyst (F-NiMo/AL,O3). A trace of cyclo-
hexanethiol was detected at the lowest temperature used
(310°C) over the fluorinated catalysts, in agreement with
Van Gestel et al., who observed up to 10% cyclohexanethiol
at 280°C and 4.0 MPa over a sulfided NiMo/Al, O3 cata-
lyst (20).

More isomerization products, MCPEs and MCP, were
formed over the NiMo/ASA catalyst than over the NiMo/
Al,Os catalyst. Substantial amounts of 3-MCPE and 4-
MCPE were detected in addition to 1-MCPE and MCP. The
product distribution versus weight time plot for the NiMo/
ASA catalyst shows clearly that MCPE is an intermediate
and that MCP is the final product (Fig. 2b). After fluorina-
tion of the ASA-supported catalyst, the yield of isomeriza-
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tion products was even higher and attributed up to 75% of
the products. No cracking products were observed under
our reaction conditions.

To study the active sites for the hydrogenation of CHE,
pure CHE without dimethyl disulfide was fed to the reactor
as well. In the absence of H,S the hydrogenation of CHE
was much faster than in the presence of H,S (Fig. 3). The
strong inhibition effect of H,S on the olefin hydrogena-
tion indicates that the active sites for the hydrogenation
of CHE are surface sites with low sulfur coordination, i.e.,
vacancies on which H,S as well as an olefin can compet-
itively adsorb. This is in agreement with earlier findings
(2, 5, 21-23). Further evidence was provided by Hubaut
et al. (24) by reducing MoS,/Al,O3 catalysts at different
temperatures. They obtained the best activity for the hy-
drogenation of olefins when a large number of anionic va-
cancies was created.

The plot of —In(1 —x) versus weight time shows that
the hydrogenation of CHE is not a first-order reaction on
NiMo/Al, Oj catalysts at the initial partial pressures of CHE
that we applied. Not only at 310°C but also at 350°C the plot
isnotlinear (Fig. 4a). The same holds for the fluorinated cat-
alyst (not shown) and for the NiMo/ASA catalysts (Fig. 4b).
Itis clear that under our reaction conditions the reaction is
between first and zero order.

The effect of the support on the hydrogenation of CHE
is shown in Fig. 5. The Al,Os-supported NiMo catalyst has
a higher conversion (hydrogenation, as well as total) than
the ASA-supported catalyst. On the other hand, the yield
of isomerization products (MCPEs + MCP) is higher on
the ASA-supported catalyst owing to its higher acidity.

The in situ fluorination was performed after the
metal compounds had been transformed to their sulfided
states. The fluorination precursor o-fluorotoluene can be
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FIG. 3. Inhibition of H,S on the hydrogenation of cyclohexene

(CHE) over NiMo/ASA at 350°C.
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tion of cyclohexene (CHE) over (a) NiMo/AL O3 and (b) NiMo/ASA.
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FIG.5. Conversion of cyclohexene to cyclohexane (CH) and methyl-
cyclopentene (MCPE) and methylcyclopentane (MCP) over NiMo/Al, O3
(dashed lines) and NiMo/ASA (solid lines) at 330°C.
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decomposed to HF and toluene over sulfided catalysts,
while the toluene is not further hydrogenated under these
conditions (33). The HF formed acts as the real fluorination
agent.

Fluorination has a positive effect on the conversion
of CHE over the Al,Os-supported catalyst as well as
over its ASA-supported counterparts. A detailed analy-
sis of the products shows, however, that this positive ef-
fect is not due to an increased hydrogenation. For both
series of catalysts, the conversion to CH stays constant;
only the isomerization to MCPE and MCP increases sub-
stantially after fluorination (Figs. 6a and 6b). This is due
to the higher acidity introduced into the catalysts by
fluorination, which promotes the isomerization reaction.

Hydrogenation of 1-Methylcyclopentene

When MCPE and MCP are present in large amounts on
ASA-supported catalysts, it was impossible to obtain a good
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FIG. 6. Fluorination effect on the conversion of 100 kPa cyclohexene
to cyclohexane (CH), methylcyclopentene (MCPE), and methylcyclopen-
tane (MCP) at 350°C over (a) NiMo/Al,O5 and (b) NiMo/ASA. Solid
lines for fluorinated catalysts, dashed lines for fluorine-free catalysts.
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fit of the CHE reaction when leaving out the contribution
from MCPEs and MCP. Therefore, we studied the hydro-
genation of 1-MCPE separately to complete the whole re-
action network of the CHE reaction (Fig. 1). The reaction
conditions for the hydrogenation of 1-MCPE were the same
as those for the hydrogenation of CHE. The hydrogenation
of 1-MCPE was studied at two initial partial pressures of
1-MCPE, 16 and 100 kPa. Only the NiMo/ASA and F-
NiMo/ASA catalysts were studied, because the formation
of MCPE and MCP in the conversion of CHE was only
substantial over these catalysts.

When 1-MCPE was fed over NiMo/ASA, the saturated
product MCP was formed readily (Fig. 7). In addition, sub-
stantial amounts of 3-MCPE and 4-MCPE were detected,
indicating that isomerization (double bond shift) took place
on the ASA-supported catalysts. The amount of CHE
formed by skeletal isomerization of the MCPEs plus the
CH formed by the successive hydrogenation of CHE was
always less than 5%, even on the fluorinated NiMo/ASA
catalyst, which has the highest acidity. No cracking prod-
ucts, with a carbon number below 6, were formed up to
400°C. These results indicate that the reverse reaction from
MCPE to CHE can be neglected in the CHE reaction net-
work (Fig. 1).

The fast disappearance of 1-MCPE and evolution of 3-
MCPE and 4-MCPE at short weight time (cf. Fig. 7) sug-
gest that 3-MCPE and 4-MCPE are intermediates in the
conversion of 1-MCPE. The reaction scheme for 1-MCPE
conversion is shown in Fig. 8. The isomerization of 1-MCPE
to 3-MCPE and 4-MCPE occurs on the acid sites, while
the hydrogenation of MCPE takes place on the hydrogena-
tion sites. This reaction scheme gives a good fit with the
reaction data (Fig. 9). Fitting based on this scheme gen-
erated large uncertainties in the kinetic parameters but
clearly demonstrated that the transformation of 1-MCPE

Partial pressure, kPa

CH + CHE

0 1 2 3 4 5 6
Weight time, g.min/mol

FIG.7. Product distribution during the hydrogenation of 1-
methylcyclopentene (MCPE) over NiMo/ASA at 350°C and 16 kPa.
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FIG. 8. Reaction scheme for the conversion of 1-methylcyclopentene
(1-MCPE) to 3-methylcyclopentene (3-MCPE) and 4-methylcyclopentene
(4-MCPE), and then to methylcyclopentane (MCP) over NiMo/ASA cata-
lysts.

to 3-MCPE and 4-MCPE is very fast. The enthalpy of reac-
tion from 1-MCPE to 3-MCPE and 4-MCPE is about 8 and
7.5 kJ - mol~!, respectively (38), and 1-MCPE isomerizes
quickly to 3- and 4-MCPE under our reaction conditions.
Because we are more interested in the parameters for the
hydrogenation than for the isomerization of 1-MCPE, we
decided to lump the three MCPE isomers together when
fitting the hydrogenation reaction of 1-MCPE. Thus, the
fitting of the kinetics of the hydrogenation of 1-MCPE was
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FIG.9. A fit of the conversion of 100 kPa 1-methylcyclopentene
(1-MCPE) to 3-methylcyclopentene (3-MCPE) and 4-methylcyclopentene
(4-MCPE), and then to methylcyclopentane (MCP), including the
route from 1-MCPE directly to MCP over F-NiMo/ASA at 350°C. Lines
are the fitted results and points are the experimental data.
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based on the Langmuir-Hinshelwood equation,

dPyice _ dPvcpe _ kumKumPucre
1+ Kuu Pucre

dt dt ]
where kyy and Ky, are the rate and adsorption equilib-
rium constants for MCPE on the hydrogenation sites, re-
spectively, and Pycpg is the sum of the partial pressures
of the three MCPE isomers. As an example of the good-
ness of the fit, the experimental results and the fits of the
hydrogenation of 16 and 100 kPa MCPE to MCP over F-
NiMo/ASA at 350°C are presented in Fig. 10. The resulting
parameters for the hydrogenation of 1-MCPE are shown in
Table 1.

Kinetics of the Hydrogenation of CHE

Kinetic modeling for the hydrogenation of CHE was per-
formed based on the reaction scheme shown in Fig. 1. Since
MCPE and MCP were hardly detected over the Al,O3-
supported catalyst, we did not consider the isomerization
for the kinetic modeling for this catalyst and only equa-
tion [2] was used:

dPcu _ dPcuE _

ky K i PcHE 2]
dt dt

1+ KyPcue’

For the F-NiMo/AL, O3 catalyst at 350°C and for the
NiMo/ASA and F-NiMo/ASA catalysts at all tempera-
tures, MCPE and MCP were present in substantial amounts
and we had to use the whole network. The back reaction
from MCPE to CHE was not taken into account, since the
results presented in the foregoing section showed that this
reaction could be neglected under our conditions. There
are different kinds of sites for the hydrogenation (H-sites)
and isomerization (A-sites) of CHE. Since MCPE and CHE
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FIG. 10. Fit of the hydrogenation of the sum of all methylcy-
clopentenes (MCPE) to methylcyclopentane (MCP) over F-NiMo/ASA
at 350°C. Lines are the fitted results and points are the experimental data.
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TABLE 1
Fitted Parameters for MCPE Hydrogenation
on NiMo/ASA Catalysts?
kEMm Kum

Catalyst (kPa-mol- g~ - min~') (kPa™1) MSC
NiMo/ASA

310°C 4.5 (0.6) 0.023 (0.010) 52

330°C 10 (1.3) 0.017 (0.005) 57

350°C 31 (6.8) 0.008 (0.003) 5.1
F-NiMo/ASA

310°C 2.7 (0.4) 0.013 (0.004) 83

330°C 8.4 (0.3) 0.010 (0.003) 6.4

350°C 27 (9.6) 0.006 (0.003) 5.4

¢ Standard deviation in parentheses.

can be adsorbed on both kinds of sites, Eqs. [3]-[6] are ob-
tained:

_dPCHE . kHKHPCHE
dt 14 KyPcue + KymPucre
kaKaPcHg 3]
1+ KaPche + K aPycre’
dPcu _ kn Ky PcHE (4]
dt 1+ Ky Pcue + Kuy Puvcee’
d Pyvcpe _ kaK 4 PcHE
dt 1+ KaPcug + K4 Pucpe
3 ki m K 11y PmcpE [5]
1+ Ky Pcue + Kum Pvcee’
d Pymcp _ kv K v Pmcpe _ (6]
dt 1+ Ky Pcug + Ky Pmcpe

In these equations, ky, ks, and kpyy are the reaction
rate constants for the CHE hydrogenation, CHE isomer-
ization, and MCPEs (sum of three isomers) hydrogena-
tion, respectively, while Ky, K4, and Ky are the cor-
responding adsorption equilibrium constants. Pcy, PcuE,
Pmcpe, and Pyicp are the partial pressures of CH, CHE,
MCPEs, and MCP, respectively. We assume that the ad-
sorption equilibrium constants of all MCPEs and CHE
on the isomerization sites are equal. A separate experi-
ment showed no influence from adding CH on the con-
version of CHE. This indicates that MCP and CH are
very weakly adsorbed on the hydrogenation and isomer-
ization sites compared with MCPE and CHE. The val-
ues of the rate and adsorption equilibrium constants (kg
and Ky ), determined in the previous section from the
hydrogenation of 1-MCPE, were used in the fitting of
the CHE results on the ASA-supported catalysts. The hy-
drogen partial pressure was always kept constant in our
system and was, therefore, combined with the rate con-
stant k.
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TABLE 2

Fitted Parameters for CHE Hydrogenation
on NiMo/Al, O3 Catalysts?

kH KH

Catalyst (kPa-mol-g~' - min~!) (kPa™) MSC
NiMO/A1203

310°C 23 (1.1) 0.024 (0.002) 5.9

330°C 80 (7.0) 0.008 (0.001) 6.3

350°C 296 (69) 0.003 (0.001) 6.1
F—NiMO/A1203

310°C 20 (1.7) 0.032 (0.007) 4.7

330°C 59 (9.4) 0.014 (0.004) 4.6

350°C 248 (91) 0.004 (0.002) 4.6

¢ Standard deviation in parentheses.

All reactions were performed at a total pressure of
5.0 MPa and a partial pressure of hydrogen at the reac-
tor inlet of 4.8 MPa. The kinetic data were obtained after
20 h on stream when the catalyst had reached a stable ac-
tivity at 350°C. No deactivation was observed during the
experiments. Three initial partial pressures of CHE were
used at each temperature with varying weight times in or-
der to achieve a wide range of CHE conversions. More than
four weight times (liquid flow rates range from 0.025 to
0.5ml-min~!) were tested at each CHE initial partial pres-
sure. The temperatures studied were 310, 330, and 350°C.
Based on the thus-obtained data, kinetic modeling was per-
formed using the SCIENTIST® program. Reaction rate
constants and adsorption constants for different reaction
steps on various sites were obtained from the fitting and
are presented in Tables 2 and 3. An example of the fit is
shown in Fig. 11.

DISCUSSION

Our results shows that at a CHE initial partial pres-
sure between 16 and 100 kPa, at a H,S partial pressure of

QU AND PRINS

17.5 kPa, and between 310 and 350°C, the hydrogenation
is between zero and first order in CHE over sulfided NiMo
catalysts. In the literature, first-order kinetics has been re-
ported for the hydrogenation of olefins over sulfided cata-
lysts, but these results were obtained at much lower olefin
partial pressures than in our experiments (16, 25, 26). Nag
et al. (27) observed that the hydrogenation of CHE is zero
order with respect to CHE (up to 18 kPa), and first order
to hydrogen (up to 80 kPa) on a sulfided NiW/Al,O3 cata-
lyst at atmospheric pressure and between 250 and 350°C.
Giinther (28) studied the kinetics of olefin hydrogenation
over a WS,-NiS catalyst. He found that in the hydrogena-
tion of a mixture of olefins with a boiling point between 50
and 150°C, the reaction is pseudo first order with respect to
olefins and that the reaction rate is practically independent
of the hydrogen pressure in the range 5 to 30 MPa. This
agrees with observations by Heinemann et al. in a study of
the hydrogenation of heptenes on a sulfided Co-Mo cata-
lyst (29).

The ASA-supported catalysts have a much lower hydro-
genation activity for olefins (factor between 5 and 9) than do
their Al,O3-supported counterparts (cf. Fig. 5). This lower
hydrogenation activity is in contrast to our observation
that ASA-supported catalysts have a higher HDN activ-
ity than their Al,Os-supported counterparts (30). The de-
creased olefin hydrogenation on the ASA-supported cata-
lyst may be due to the difference between the two supports.
Although the ASA support has a higher surface area than
Al,O3, part of it consists of SiO, domains, and the other
part of Al,Os domains. It has been reported that Al,O3
adsorbs Mo species stronger than silica, regardless of the
pH used during preparation (31, 32). Consequently, more
Mo will be accommodated on the alumina domains than
on silica domains during catalyst preparation on ASA. Our
ASA support contains only 25% Al,O3, however, on which
most of the Mo species will adsorb. This leads to a lower
dispersion of the metal sulfides on the ASA support and
thus to a lower hydrogenation activity of CHE, especially
when the metal loading is relatively high.

TABLE 3

Fitted Parameters for CHE Reaction on NiMo/ASA Catalysts®

ki Ky ka K4

Catalyst (kPa-mol - g~ - min~") (kPa™!) (kPa-mol - g~! - min~") (kPa™?) MSC
NiMo/ASA

310°C 4.5(0.4) 0.035 (0.009) 0.9 (0.2) 0.070 (0.090) 5.5

330°C 12 (1.2) 0.026 (0.006) 28 (11) 0.003 (0.003) 5.1

350°C 36 (1.8) 0.001 (0.001) 221 (31) 0.001 (0.001) 48
F-NiMo/ASA

310°C 37(0.2) 0.110 (0.034) 13 (0.4) 0.050 (0.050) 54

330°C 9.5 (0.7) 0.060 (0.018) 56 (14) 0.002 (0.001) 49

350°C 29 (1.6) 0.015 (0.009) 301 (38) 0.001 (0.001) 45

¢ Standard deviation in parentheses.
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FIG. 11. Fit of the hydrogenation of 100 and 60 kPa cyclohexene

(CHE) to cyclohexane (CH) and isomerization to methylcyclopentenes
(MCPE) and methylcyclopentane (MCP) over NiMo/ASA at 330°C. Lines
are the fitted results and points are the experimental data.

A promoting effect of fluorine on the conversion of
olefins has been reported for Al,Os-supported NiMo and
CoMo catalysts in which the fluorine was introduced by
ex situ fluorination (2, 5, 7). Ramirez et al. (5) showed
that fluorine increased the activity for the hydrogenation
of olefin and ascribed the promotion to the increased cata-
lyst dispersion by fluorine incorporation. Papadopoulou
et al. (34, 35) concluded that, during the activitation pro-
cess, fluorine ions hinder the reduction and/or sulfidation
of MoV!- and the sulfidation of Ni''-supported ions of the
NiMo/Al,Oj3 catalyst after ex situ fluorination. Other stud-
ies proved just the opposite: that fluorine promotes the de-
gree of sulfidation (3, 36). Van Veen et al. (37) explained
the role of fluorination by a transformation of the partly
sulfided NiMoS phase to the more active, fully sulfided
NiMoS phase. After breaking the Mo—O-Al linkage with
the support, the NiMoS phase interacts with the support
only via van der Waals forces. This may lead to increased
stacking of the MoS, slabs and thus to a better accessibility
of the sites for the adsorbent and to a higher activity.

Our results demonstrate that in sifu fluorination does not
influence the hydrogenation of olefins at all. In all cases the
yield of CH did not change upon fluorination (Fig. 6). Only
the acid-catalyzed isomerization of CHE to MCPE was pro-
moted substantially on the Al,Os-supported catalyst and
slightly on the ASA-supported catalyst. Table 2 shows that
the fluorination does not influence the hydrogenation rate
constants very much over NiMo/Al,O3. The equilibrium
adsorption constants of CHE on the hydrogenation sites
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FIG. 12. Plotoflnky versus 1/T for the hydrogenation of cyclohexene
over NiMo/Al,O; and F-NiMo/Al,Os.

seem to increase after fluorination, which would mean a
stronger adsorption of CHE on the fluorinated catalyst. As
aresult, the amount of CH formed in the system remains un-
changed (Fig. 6a). More isomerization products are formed
with the fluorinated catalyst, leading to a smaller MSC in
the model fitting (Table 2).

The reaction rate constants for the hydrogenation of
CHE to CH over the ASA-supported catalysts decrease
slightly after fluorination, while the adsorption equilibrium
constants of CHE on the hydrogenation sites seem to in-
crease with fluorination (Table 3), as in the case of the
Al,Os-supported catalysts. Although the parameters for
the isomerization were obtained with large standard de-
viations, it is nevertheless clear that the rate constants in-
crease after fluorination, while the adsorption equilibrium
constants of CHE on the acid sites remain more or less the
same.

From the results obtained at different temperatures,
one can calculate the temperature dependence of the
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FIG. 13. Plot of In Ky versus 1/T for the hydrogenation of cyclohex-

ene over NiMo/Al, O3 and F-NiMo/Al,Os.
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TABLE 4

Temperature Dependence of k and K*

Catalyst NiMo/Al, O3 F-NiMo/Al, O3 NiMo/ASA F-NiMo/ASA
En (kJ-mol) 193 (15) 190 (15) 157 (15) 155 (1)
kyo (kPa-mol-g~!-min!) 4 x 108 2 x 1018 5 x 104 3 x 10
—AHy (KJ-mol!) 157 37) 157 37) 100 (44) 150 (28)
Ko (kPa™h) 2 x 10716 3 x 10716 4 x 1071 5x 1071
Ex (KJ-mol ™) — — 416 (30) 413 (30)
ka0 (kPa-mol-g~!-min~1) — — 2 x 10%7 2 x 10%7

“ Standard deviation in parentheses.

reaction rate and adsorption equilibrium constants. The ac-
tivation energies of the hydrogenation reaction were cal-
culated according to the Arrhenius plot of In k versus
1/T (k=koe E/RT) for the Al,Os-supported catalysts
(Fig. 12). Similarly, the heats of adsorption were obtained
from K = Kge~2#/RT (Fig.13). Table 4 shows that the fluori-
nated NiMo/Al, O3 catalyst has the same activation energy
for the hydrogenation of CHE to CH as the NiMo/Al,O3
catalyst. Also the heat of adsorption was found to be the
same for the fluorinated and unfluorinated NiMo/Al,O3
catalysts. Similar results were found for the NiMo/ASA
and the fluorinated NiMo/ASA catalysts (Table 4). The
activation energy for the isomerization reaction was not
changed after fluorination. This suggests that the surface
sites of NiMo/ASA were not modified for the isomeriza-
tion reaction after fluorination. The improved activity can
be attributed to an increase in the number of acid sites intro-
duced by the in situ fluorination, which was caused by the
higher electronegativity of fluorine linked to aluminium.
This in turn enhances the isomerization reaction.

Our results show that in situ fluorination hardly influ-
ences the properties of the sulfided NiMo catalysts for the
hydrogenation of olefins. That the sites stay the same is not
surprising, since it is known that fluorine is positioned on
the support and not on the metal sulfide (36). The fluorine
on the support improves the acidity of the catalyst, which
explains that its main effect on the reaction of CHE is on
isomerization and not hydrogenation. The fact that hydro-
genation activity is not influenced means that the number of
sites did not change by in situ fluorination. Promoted MoS,
catalysts consist of two-dimensional MoS, particles with
nickel atoms decorating the edges. Vacancies on the edges
are supposed to be the active sites. It is actually assumed
that the hydrogenation of olefins on MoS, and promoted
MoS, is not structure sensitive, meaning that any vacancy
will be active and that vacancies on the top platelets of a
stack of Ni-MoS, particles are not more active than vacan-
cies on the underlying ones. In that case, the insensitivity
of the olefin hydrogenation to the presence of fluorine in-
dicates that the in situ fluorination did not change the size
of the Ni-MoS; particles. It is impossible, however, to draw

any conclusion about a change in the degree of stacking of
the Ni-MoS; platelets.

CONCLUSIONS

The hydrogenation of CHE takes place on sulfur-
deficient sites of sulfided NiMo catalysts. The Al,Os-
supported catalysts exhibit a higher activity than their
ASA-supported counterparts, which is probably due to
the better dispersion of Mo on the Al,O3 support. Over
NiMo/ASA catalysts, the reaction network is different from
NiMo/Al,O; catalysts and more isomerization products are
formed. Lower rate constants and higher adsorption equi-
librium constants for the hydrogenation of CHE were found
for the fluorinated catalysts, resulting in an unchanged con-
version of CHE to CH. The activation energy for the iso-
merization stays constant. In situ fluorination introduced
more acid sites for the isomerization reaction over both the
Al,O3- and ASA-supported sulfided NiMo catalysts.
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