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The hydrogenation of substituted benzenes (R = Et, Ph, c-C d H ,, , PhCHr, C-C6HnCH2). of ortho- 
and para-substituted phenols (R = Et, Ph, c-&Hi,, PhCH?) was studied by a batch method at 
340°C and 70 bar H2 over a sulfided NiO-Mo03/y-A1203 catalyst. The rates of hydrogenation are 
always higher for phenols than for benzenes and can be related to differences in the r-electron 
delocalization between the two series of organic compounds. The rates of hydrogenation of ortho- 
and paru-substituted phenols are similar to one another and generally lower than those for phenol 
alone, thus suggesting a predominant role of electronic factors over steric ones. D 1988 Academic 

INTRODUCTION 

The replacement of light petroleum feed- 
stocks by heavy oils, shale, or coal oils and 
the increasing demand for clean liquid fuels 
have led to a growth of catalytic cracking 
capacity. As a consequence, these heavy 
fossil fuels must be pretreated to prevent 
poisoning of cracking catalysts by S-, N-, 
or O-containing compounds. The principal 
catalytic reactions are referred to as hydro- 
desulfurization (HDS), hydrodenitrogen- 
ation (HDN), and hydrodeoxygenation 
(HDO) in which the removal of hete- 
roatoms is in some cases accompanied by 
hydrogenation of aromatic rings. For sul- 
fur-containing aromatic compounds, the C- 
S bond is always cleaved before any aro- 
matic hydrogenation (1, 2), particularly in 
the thiophenol series. A different behavior 
is observed with nitrogen-containing aro- 
matic compounds where hydrogenation of 
aromatic rings is generally required prior to 
C-N bond cleavage (Z-J), particularly in 
the aniline series. For oxygen-containing 

1 Part of this work was presented at the French- 
Venezuelan Symposium on Catalysis held in Rueil- 
Malmaison, France, 1985. 

compounds, phenols behave like the nitro- 
gen compounds; i.e., there is prior hydro- 
genation (2, 4), whereas a competition be- 
tween hydrogenation and hydrogenolysis 
exists with phenolic ethers (2). 

In these series and others where hete- 
roatoms are included in aromatic systems, 
hydrogenation is therefore a key step in hy- 
drotreatment reactions. Surprisingly, there 
has been little characterization of these re- 
actions. 

In recent papers (2-4) we have shown 
that organic reactant-catalyst interactions 
play an important role in the mechanism of 
removal of heteroatoms over a sulfided 
NiO-MoOj/y-A1203 catalyst and particu- 
larly in the hydrogenation step. As further 
investigations, we report now results on the 
hydrogenation of a series of substituted 
benzenes (1 to 6), a series of orrho-substi- 
tuted phenols (7 to ll), and a series of para- 
substituted phenols (12 to 15) at 340°C and 
70 bar H2 over the same sulfided NiO- 
MOO&A1203 as used in our previous stud- 
ies (2, 4). Most of these compounds are 
present in the feedstocks but can also be 
considered as intermediates in hydro- 
processing of heavier molecules. 
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EXPERIMENTAL 

The catalyst used was Procatalyse HR 
346, which has the following composition: 
3% NiO, 14% Mo03, and 83% A1203. It was 
sulfided at atmospheric pressure using a flu- 
idized-bed technique with a gas mixture of 
15% H2S and 85% H2 by volume. The cata- 
lyst was heated in flowing H2/H2S (gas 
flow, 120 ml/min) from 20 to 400°C (8”Ci 
min) and held at 400°C for 4 h, then cooled, 
and finally swept with nitrogen for 30 min. 

Experiments were carried out in a 0.3- 
liter stirred autoclave (Autoclave Engineers 
Type Magne-Drive), operating in a batch 
mode at 340°C and 70 bar of hydrogen pres- 
sure [see Ref. (2) for typical procedure]. 

Analyses were performed on a Girdel 30 
gas chromatograph equipped with a flame 
ionization detector using hydrogen as car- 
rier gas. Wall-coated open tubular fused sil- 
ica capillary columns used were Chrom- 
pack CP Sil 5 CB(OV1) or CP Sil 19 
CB(OV17), 10 m x 0.22 mm i.d. Products 
were identified by comparison with authen- 
tic samples and GC-MS analysis. 

The rate constants were deduced from 
the experimental curves by curve fitting 
and simulation, assuming all the reactions 
to be first order in the organic reactant. The 
calculated reaction rate constants (in min-I) 
depend on the weight of catalyst and are 
then referred to 1 g of catalyst. The experi- 

mental errors on the rate constants can be 
estimated at +- 15%. 

RESULTS 

Hydrogenation of Aromatic Hydrocarbons 

The reaction networks for hydrogenation 
of benzenes substituted by saturated or aro- 
matic groups, ethyl (2), phenyl (3), cyclo- 
hexyl (4), benzyl (5) or cyclohexylmethyl 
(6) over a sulfided NiO-Moo&-A1203 cata- 
lyst at 340°C and 70 bar H2 are given in 
Scheme 1. When the substituents are also 
subject to hydrogenation, the reaction pro- 
ceeds through consecutive steps. 

The first-order rate constants deduced 
from the experimental plots of concentra- 
tions against time are similar whatever the 
substituent and are given in Table 1. 

The concentration vs time plot for hydro- 
genation of biphenyl(3) is given in Fig. 1. A 
similar plot was also obtained for hydroge- 
nation of diphenylmethane (5). The curves 
drawn are computer-simulated, based on 
kinetic consecutive networks as given in 
Scheme 1. 

As shown in Table 1, the presence of sat- 
urated groups such as ethyl (2) or bulkier 
ones like cyclohexyl (4), cyclohexylmethyl 
(6), or a second function capable of being 
hydrogenated like benzyl (5) does not sig- 
nificantly affect the rate of hydrogenation 
of a benzene ring. We can therefore ex- 
clude the intervention of steric factors in 
the processes of T-adsorption onto the cat- 

0 
1, R H2 ) OR 

1 R-H 

? R z C2 H5 

3- R :C6ii5 

5 R = t C6H,, 

5 R = CgHg-CH2 

6 R = C.C,5 H1q-c~~ 

SCHEME 1. Reaction network for hydrogenation of 
benzenes substituted by saturated or aromatics groups 
over sulfided NiO-MoO,/y-AI,03 at 340°C and 70 bar 
HZ. 
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TABLE 1 hydrogenated such as phenyl is directly 
bound to the benzene ring which undergoes 
hydrogenation as in the case of biphenyl 
(3), a slight exaltation of the rate of hydro- 
genation is observed on a supported NiO- 
Moo3 catalyst whereas biphenyl behaves 
like benzene on a supported COO-Moo3 
catalyst (6). This slight exaltation could 
result from some kind of “anchor effect” 
which is found again, to a lesser extent, in 
the increased hydrogenation rate of diphen- 
ylmethane (5). This occurs in spite of a loss 
of resonance due to steric interactions be- 
tween the two aromatic rings preventing 
their coplanarity (7). 

Hydrogenation Rate Constants for 
Benzene and Substituted Benzenes at 
34O"C, 70 bar H2 over sulfided NiO- 
Mo0&y-A1203 Catalyst 

Organic reactant 2 product ka 

0 1; - 0 2 

pJEt- (yET 2 

Q---Q-m 6 

Hydrogenation of ortho- and 
para-Substituted Phenols 

Phenol (7). As already reported in a pre- 
vious paper (2), the hydrogenation of phe- 
nol (7) mainly yields cyclohexane through 
the formation of intermediate cyclohexa- 
nol. The percentage of hydrogenolysis of 
the C-OH bond leading to benzene was es- 
timated at about 5%. 

D Rate constants X IO3 min-’ . (g . 
cat.)-‘. 

alyst. Likewise, we can rule out the inter- 
vention of electronic factors which do not 
differ in a significant manner from one sub- 
stituent to another (5). 

When a second group capable of being 

ortho-Ethylphenol (8) and para-ethyl- 
phenol (12). As for phenol, the hydro- 
processing of ortho-ethylphenol (8) over 
the sulfided NiO-MoO&A1203 catalyst 
gives ethylcyclohexane as the major prod- 
uct through hydrogenation of the phenolic 
ring (Scheme 2, k,). Small amounts of 
ethylbenzene resulting from hydrogenoly- 
sis of the C-OH bond (=5%, Scheme 2, k2) 
and cyclohexane resulting from cleavage of 
the C-ethyl bond (=lO%, Scheme 2, IQ) are 
also observed. The concentration vs time 
plots for ortho-ethylphenol hydroprocess- 
ing are given in Fig. 2. The curves drawn in 

FIG. 1. Product distribution vs time for hydro- 
processing of biphenyl over sulfided NiO-MoO,/y- 
A1203 at 340°C and 70 bar Hz; biphenyl (O), cyclo- 
hexylbenzene (0), dicyclohexyl (x). 340°C and 70 bar Hz. 

SCHEME 2. Reaction network for hydroprocessing of 
orrho-ethylphenol over sulfided NiO-Mo031y-A1203 at 
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0 120 240 360 t,mm. 

FIG. 2. Product distribution vs time for hydro- 
processing of ortho-ethylphenol over sulfided NiO- 
MOO&~-AllOr at 340°C and 70 bar Hz; orrho-ethyl- 
phenol (0) ethylcyclohexane (0) ethylbenzene (x), 
cyclohexane (a). 

Fig. 2 are computer-simulated based on the 
parallel reaction network shown in Scheme 
2. 

The values of the rate constants resulting 
from Scheme 2 are the following: k, = 12 x 
10e3, k2 = 1 x 10e3, and k3 = 2 x 10e3 min-r 
. (g * cat.)-’ at 340°C and 70 bar HZ. 

paru-Ethylphenol (12) behaves like 
ortho-ethylphenol with k, = 12 x 10L3 
min-’ * (g * cat.))‘. 

ortho-Phenylphenol(9) and para-phenyl- 
phenol (13). The hydrodeoxygenation of 
ortho-phenylphenol (9)) an identified inter- 
mediate in the hydroprocessing of dibenzo- 
furan, yields cyclohexylbenzene through 
hydrogenation of the phenolic ring (Scheme 
3, k,), dicyclohexyl and cyclohexane 
through hydrogenation of the phenyl ring 

t,min 
. 

0 120 240 360 

FIG. 3. Product distribution vs time for hydro- 
processing of ortho-phenylphenol over sulfided NiO- 
MoOj/y-A1203 at 340°C and 70 bar Hz; ortho-phenyl- 
phenol (O), cyclohexylbenzene (0), biphenyl (a), di- 
cyclohexyl (+), cyclohexane (x). 

(Scheme 3, k;) and biphenyl through hydro- 
genolysis of the phenolic C-OH bond 
(Scheme 3, k2), Plots of concentration vs 
time are given in Fig. 3. The rate constants 
deduced from these plots by curve fitting 
according to the reaction network given in 
Scheme 3 are the following: kl = 14 x 10m3, 
k; = 2 x 10e3, and k2 = 2 x 1O-3 min’ . (g . 
cat.)-‘. 

From these results, it can be seen that the 
formation of cyclohexylbenzene through 
the hydrogenation of the phenol moiety 
of ortho-phenylphenol (kl , Scheme 3) is 
largely favored over the other steps and 
particularly over the hydrogenation of the 
phenyl moiety of ortho-phenylphenol (k; , 
Scheme 3). 

k; I 

SCHEME 3. Reaction network for hydroprocessing of ortho-phenylphenol over sulfided NiO-Mo03/ 
-y-A&O3 at 340°C and 70 bar HZ. 
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SCHEME 4. Reaction network for hydroprocessing of 
ortho-cyclohexylphenol over sulfided NiO-MoOJy- 
A1203 at 340°C and 70 bar HZ. 

Another characteristic feature of HDO of 
phenols over sulfided NiO-Mo0&A1203 
is the high percentage of hydrogenation as 
compared to hydrogenolysis, 90% for phe- 
nol itself (2); a similar behavior is also 
observed in the hydrodeoxygenation of 
ortho-phenylphenol where the rate ratio 
hydrogenationlhydrogenolysis (kl + ki/kz , 
Scheme 3) is nearly the same. 

The rate of hydrogenation of the phenolic 
ring of para-phenylphenol (13) under the 
same experimental conditions does not dif- 
fer from that of the ortho isomer (17 x 1O-3 
mini (g . cat.)-’ for the former and 14 x 
1O-3 min-’ (g . cat.)-’ for the latter). 

ortho-Cyclohexylphenol (10) and para- 
cyclohexylphenol (14). The hydroprocess- 
ing of ortho-cyclohexylphenol (10) over 
a sulfided NiO-Mo03/y-A1203 catalyst 
mainly yields dicyclohexyl through hydro- 
genation of the phenolic ring (Scheme 4, kl) 
and cyclohexane through cracking of the Q- 
C-C bond (Scheme 4, k3); a small quantity 
of cyclohexylbenzene is observed, resulting 
from the cleavage of the phenolic C-OH 
bond (Scheme 4, k2). Plots of concentration 
vs time are given in Fig. 4 for HDO of 
ortho-cyclohexylphenol. 

The experimental curves plotted in Fig. 4 
result from the kinetic reaction network 
shown in Scheme 4, with kl = 24 x 10e3, k2 
= 6 x 10m3, and k3 = 20 x 10m3 min-’ * (g * 
cat.)-’ at 340°C and 70 bar HZ. It can thus 
be seen that the cleavage of the C-cyclo- 
hexyl bond is as important as the hydroge- 
nation of the phenolic ring for HDO of 
ortho-phenylcyclohexanol. It should also 
be noted that this cleavage between the two 
rings does not occur in HDO of 2-phenylcy- 

clohexanol (see Scheme 3); these points are 
detailed later in the discussion. 

As for ortho-cyclohexylphenol, a similar 
behavior is observed for HDO of para-cy- 
clohexylphenol(l4) with a rate constant for 
the hydrogenation of the phenolic ring 
equal to 25 X lop3 min-r * (g . cat)-]. 

ortho-Benzylphenol (11) and para-ben- 
zylphenol(15). The hydrodeoxygenation of 
ortho-benzylphenol (ll), a postulated in- 
termediate in the overall hydroprocessing 
of xanthene, over sulfided NiO-Moo&- 
A&O3 catalyst yields phenylcyclohexyl- 
methane through hydrogenation of the 
phenolic ring (Scheme 5, k,), toluene and 
cyclohexane through cracking of the WC-C 
bond (Scheme 5, k3), and methylcyclohex- 
ane and benzene through cracking of the p- 
C-C bond (Scheme 5, k;). Small amounts of 
diphenylmethane resulting from hydrogen- 
olysis of the phenolic C-OH bond (Scheme 
5, k2) and dicyclohexylmethane are also de- 
tected. The concentration vs time plots for 
ortho-benzylphenol hydroprocessing are 
given in Fig. 5. The curves drawn in Fig. 5 
are computer-simulated, based on the reac- 
tion network given in Scheme 5. The indi- 
vidual rate constants of the different steps 
are the following at 340°C and 70 bar H2 : kl 
= 25 x 10-3, k2 = 2 x 10-3, k3 = 65 x 10-3, 
and k; = 15 x 10e3 min-’ . (g * cat.)-‘. 

0 120 
, 

240 tmin 

FIG. 4. Product distribution vs time for hydro- 
processing of ortho-cyclohexylphenol over sulfided 
NiO-Moo&y-A120j at 340°C and 70 bar HZ ; ortho-cy- 
clohexylphenol (O), dicyclohexyl (0), cyclohexylben- 
zene (x), cyclohexane (a). 
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SCHEME 5. Reaction network for hvdroprocessing of or&-benzylphenol over sulfided NiO-Mo03/ 
Y-A&O~ at 340°C and 70 bar Hz. 

From these results it can be seen that the 
formation of phenylcyclohexylmethane 
through the hydrogenation of the phenol 
moiety of ortho-benzylphenol (k, , Scheme 
5) is largely favored over the formation of 
diphenylmethane through the hydrogenol- 
ysis of the C-O bond (kz, Scheme 5). This 
behavior has already been considered in 
HDO of other ortho-substituted phenols. 

The important feature to be noted is the 
predominant C-C bond scission (k3 and k;, 
Scheme 5). It is well known that the disso- 
ciation energy of a benzylic C-C bond (234 
kJ/mol for bibenzyl) is considerably lower 
than that of a benzenic C-C bond (485 kJ/ 
mol for biphenyl) (8) and this difference is 
sufficient to account for the high degree of 
cracking in HDO of o&o-benzylphenol. It 
should also be noted that diphenylmethane 
itself, like biphenyl, is not subject to C-C 
bond cleavage under the same experimental 
conditions. 

0 120 240 360 

FIG. 5. Product distribution vs time for hydro- 
processing of orrho-benzylphenol over sulfided NiO- 
MOO&-A&O3 at 340°C and 70 bar HZ; ortho-ben- 
zylphenol (0) toluene + cyclohexane (a), phenylcy- 
clohexylmethane (x), methylcyclohexane + benzene 
(0) dicyclohexylmethane (+). 

As for the preceding para-substituted 
phenols, para-benzylphenol (15) behaves 
like its ortho isomer with a rate constant for 
the hydrogenation of the phenolic ring 
equal to 17 X 10e3 min-’ . (g . cat.))‘. 

The rate constants for the hydrogenation 
of the phenolic rings of phenol and ortho- 
and para-substituted phenols are summa- 
rized in Table 2. These results provoke the 
following comments. (i) From a comparison 
of Tables 1 and 2 it can be seen that phenols 

TABLE 2 

Hydrogenation Rate Constants for Phenol, ortho- 

Substituted Phenols, and para-Substituted Phenols at 
340°C 70 bar H2 over Sulfided NiO-Moo&-A&O, 
Catalyst 

Organic reactant 5 product k orrho” paron k 

(JO”- 0 

Eta”” - (JEt 12 33 I2 

PhO/OHw f-JPh 14 17 

c.C~HIIO/‘~- ~“c6H” 24 25 

+O”- oB= 25 17 

a Rate constants x lo3 min-’ . (g . cat.))‘. Abbrevia- 
tions: Et, ethyl; Ph, phenyl; c-&H,, , cyclohexyl; and 
Bz, benzyl. 
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are more rapidly hydrogenated than their 
parent aromatic hydrocarbons whatever 
the position of substituents. (ii) The pres- 
ence of substituents at the orrho position 
leads to a slight decrease in the rate of hy- 
drogenation of or&o-substituted phenols 
on sulfided NiO-Moo&-A1203 catalyst. A 
similar behavior was also observed by 
Rollmann (9) on a sulfided COO-Moos/y- 
A1203 catalyst for phenols (8) and (9). The 
lower reactivity of alkyl 0- and S-substi- 
tuted heteroaromatics was rationalized by 
Rollmann (9) and Houalla et al. (10) as due 
to increased steric hindrance at the ortho 
position. We can add that this alkyl ortho 
effect is also working in the hydrodenitro- 
genation of ortho-ethylaniline and ortho, 
ortho’-diethylaniline as compared to aniline 
on sulfided NiO-WOJy-A1203 catalysts 
(II) as well as on sulfided NiO-MoOj/y- 
Al203 (3). This steric hindrance was also 
thought to be associated with entropic con- 
siderations as reported by Odebunmi and 
Ollis in the hydrodeoxygenation of cresols 
on a sulfided COO-Mo03/y-A1203 catalyst 
W). 

The origin of the ortho effect was re- 
cently reviewed (13, 14) and the authors 
concluded that steric effects are not signifi- 
cant for ortho-phenols, ortho-anilines, or 
ortho-pyridines; thus the ortho effect would 
seem rather to be electronic in nature. This 
hypothesis is easily verified by comparing 
the reactivities of ortho- and par-a-phenols 
which are electronically identical so that, if 
steric effects were present, they would ap- 
pear with the ortho isomer and not with the 
para isomer. As seen in Table 2, ortho- and 
para-substituted phenols are hydrogenated 
at similar rates and the slight rate decrease 
cannot therefore be accounted for in terms 
of steric hindrance. 

DISCUSSION 

Hydrogenation of Aromatic Hydrocarbons 
and Phenols 
Phenols are more rapidly hydrogenated 

than their corresponding hydrocarbons and 

RcOH,NH2 

FIG. 6. Resonance effects caused by OH or NH2 
groups. 

we have shown in previous papers (2, 4) 
that the reactivities could be related to dif- 
ferences in the strength of adsorption be- 
tween the adsorbed state and the transition 
state. In the present work, this would imply 
a more stabilized adsorbed state with ben- 
zenes than with phenols, thus increasing 
the energy differences between the ad- 
sorbed state and the transition state. In 
other words the binding strength between 
the organic reactant and the catalyst should 
be more important for benzene than for 
phenol or aniline. This assumption seems to 
be valid as the n-system is completely delo- 
calized in the former case whereas the pres- 
ence of polar groups like OH or NH2 
implies charges localized at preferred posi- 
tions (Fig. 6) leading to a diminution of the 
strength of the m-adsorption and to higher 
reaction rates. 

The presence of substituents at the ortho 
position of phenols generally leads to a 
lower reactivity as compared to phenol 
alone. This rate decrease is also observed 
for para substituents, thus ruling out the 
influence of steric factors on the reactivity. 
The ortho effect must rather depend on 
electronic effects (inductive and mesomeric 
effects) and, more precisely, must result 
from a change in the u-charge distribution 
leading to a reduced r-donation to the ring 
at the ortho position and, to a smaller ex- 
tent, at the para position (1.5). On this ba- 
sis, the delocalization of the r-system 
would be modified in such a manner that 
the binding force between the organic reac- 
tant and the catalyst should be stronger 
with c+-electron-donating substituents than 
with a-electron-withdrawing ones, thus re- 
ducing the T-donation to the system. 
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TABLE 3 

Substituent C-C Bond Cleavage Rate Constants for 
orrho- and par&Substituted Phenols at 34o”C, 70 bar 
H2 over Sulfided NiO-MoO&A120, Catalyst 

Organic reactant 1 product C-C bond k‘l 
cleavage (%) 

&Jo”- pJoH 5 2 

Ph+yoHw (JO” - - 

C.c6H,,pJoH~ (JO” 40 20 

..aoHd aoH 80 65 

u Rate constants x IO3 min’ (g . cat.))‘. Abbrevia- 
tions: see Table 2. 

Cleavage of Substituent C-C Bonds 

As reported in Table 3, phenols substi- 
tuted by ethyl, cyclohexyl, or benzyl 
groups at the ortho and para positions may 
also undergo cleavage of C-C bonds, 
whereas the corresponding hydrocarbons 
are inactive under the same experimental 
conditions. The percentage of cleavage in- 
creases from ethyl to benzyl, thus following 
the order of reactivity observed in both 
cracking (16) and hydrocracking (17) reac- 
tions, implying formation of carbocations, 
the most stabilized being the tropylium ion 
C6H5-CH:. This could also be related to 
the ease of cleavage of C-C bonds as men- 
tioned earlier for benzylic C-C bonds as 
compared to benzenic C-C bonds; the 
higher energy of dissociation observed for 
the latter case would thus account for the 
absence of cleavage of the C-C bond for 
the biphenyl system because of the stabili- 
zation of this system through resonance. 

As for hydrogenation, C-C bond cleav- 
ages are also strongly influenced by elec- 
tronic properties, particularly by the elec- 
tron-donating ability of OH groups through 

resonance. Neutral groups like alkyl, 
phenyl, or aryl do not allow cleavage of C- 
C bonds under the experimental conditions 
reported in this paper. 

CONCLUSIONS 

The main conclusions which can be 
drawn from this work on the hydrogenation 
of aromatic hydrocarbons and hydrodeoxy- 
genation of ortho- and para-substituted 
phenols over a sulfided NiO-Mo0&A120j 
catalyst are the following. 

(i) The hydrogenating activity is closely 
dependent on the aromaticity of the system 
to be hydrogenated through the more or 
less important delocalization of r-electrons 
resulting from the electron-donating ability 
of OH or NH2 groups by resonance (18). 

(ii) The lower reactivity observed for hy- 
drogenation of ortho- and para-substituted 
phenols than that of phenol itself would ap- 
pear to result from electronic effects rather 
than steric ones. 

(iii) The hydrocracking activity observed 
during the course of hydroprocessing of 
phenols is still dependent on the aromatic 
character of the system and r-electron de- 
localization. 

It is thus clear that aromaticity associ- 
ated with a greater or lesser n-electron de- 
localization is mainly responsible for the re- 
activity of aromatic hydrocarbons and 
substituted phenols (this work), substituted 
anilines (II), and pyridine-like compounds 
(19). 
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