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Hydrodeoxygenation (HDO) of I-naphthol catalyzed by MO/-~-AlzO, and Ni-MO/y-A1203 was 
investigated with a flow reactor operated at 225°C and 120 atm. The oxidic forms of the catalysts 
were more active than the sulfidic forms. The catalysts were deactivated during operation, evi- 
dently by water formed in the HDO reaction. The selectivity changed markedly during the deacti- 
vation, the HDO reactions becoming markedly slower and the hydrogenation reactions only 
slightly slower. The deactivated oxidic and sulfidic catalysts could be reversibly regenerated by 
treatment with H2 and H2S in Hz, respectively. The catalyst surfaces are suggested to incorporate 
two kinds of catalytic sites, one catalyzing direct HDO, the other aromatic ring hydrogenation. 
These sites are suggested to be anion vacancies, susceptible to inhibition by bonding of H20. 

INTRODUCTION 

The need for processing heavy oils, 
shale, and coal liquids has motivated inten- 
sive research on catalytic hydroprocessing, 
with most of the effort having been devoted 
to hydrodesulfurization (HDS) and hydro- 
denitrogenation (HDN). Since some of the 
heavy fossil fuels have high concentrations 
of organo-oxygen compounds, there has 
been recent work on the characterization of 
hydrodeoxygenation (HDO) in the pres- 
ence of standard hydroprocessing catalysts 
such as sulfided Co-Mo/A1203 and Ni-MO/ 
A1203. For example, reactivities of substi- 
tuted phenols (I) as well as benzofuran and 
dibenzofuran (2, 3) have been reported, but 
quantitative comparisons are still largely 
lacking. Reaction networks have been de- 
termined for HDO of dibenzofuran (5) and 
of 1-naphthol (Fig. 1) (6). The relative rates 
of heteroatom removal from a mixture of 
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sulfur-, nitrogen-, and oxygen-containing 
compounds were measured, the rate of 
HDO of 4-propylphenol and o-ethylphenol 
being large in comparison with the rates of 
HDO of dibenzofuran and hydrogenation of 
aromatic hydrocarbons. The rates of HDO, 
HDS, and HDN of various compounds 
were of the same order of magnitude, but 
the competitive inhibition effects were not 
resolved. Inhibition phenomena indicating 
competitive adsorption during simulta- 
neous HDO and HDS and HDO and HDN 
were reported (7, 8); basic nitrogen-con- 
taining compounds are strong inhibitors. 
There has been little reported about cata- 
lyst deactivation during HDO, but son Bre- 
denberg (9) mentioned a loss of activity in 
phenol HDO catalyzed by Ni-Mo/Si02- 
A1203. 

In all these investigations of HDO, the 
catalysts were-at least initially-sulfidic 
hydroprocessing catalysts. Little is known 
about other catalysts or the fate of the sul- 
fides in the presence of high concentrations 
of hydrogen with oxygen-containing com- 
pounds. The research reported here was in- 
tended to provide a preliminary comparison 
of hydroprocessing catalysts in both the ox- 
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FIG. 1. Reaction network for hydrodeoxygenation of I-naphthol catalyzed by sulfided Ni-Moly- 
A1203 (6). 

idic and sulfidic forms for HDO. The reac- 
tant chosen was 1-naphthol, a compound 
typical of the predominant organo-oxygen 
compounds in coal-derived liquids. The 
results provide evidence of the activities 
and stabilities of the catalysts and the 
changes in selectivity resulting from cata- 
lyst deactivation. 

EXPERIMENTAL 

Materials. The catalysts were MO/~- 
A&O3 (8% MO) (10) and commercial Ni- 
MO/~-Al203 (American Cyanamid HDS-9A; 
3.5% NiO, 18% Mo03). The surface areas 
of the latter two catalysts in the initial ox- 
idic forms were 185 and 149 m2/g, respec- 
tively, and the pore volumes were 0.42 and 
0.46 cm3/g, respectively. Crushing and siev- 
ing provided particle sizes in the range of 80 
to 100 mesh. 

A saturated solution of 1-naphthol 
(>99%, Aldrich) in cyclohexane (reagent 
grade, Fisher) was used as a feed to a flow 
reactor. The concentration of 1-naphthol 
was 2.2 X 10V5 mol/g of solution. Hydrogen 
(Linde, 9999%) was also present in the 
feed solutions; it was purified by flow 
through traps containing a copper deoxo 
catalyst and zeolite to remove oxygen and 
water, respectively. 

The weak-acid fraction of SRC-II coal- 
derived liquid prepared from Powhatan No. 

5 coal (a 0.25 wt% solution in cyclohexane) 
was used with hydrogen as the reactant in 
some experiments. The preparation of this 
fraction by liquid chromatography is de- 
scribed elsewhere. (II). The fraction in- 
cludes a number of weakly acidic com- 
pounds, typified by substituted partially 
hydrogenated naphthols and phenyl phe- 
nols; the detailed characterization is re- 
ported separately (12). 

Catalytic reactions. The catalytic reac- 
tion experiments were carried out with a 
high-pressure microreactor, described else- 
where (13, 14), which operated nearly 
isothermally and with plug flow of the reac- 
tants. All the reactants were present in the 
liquid phase. Particles of catalyst (50 mg) 
were mixed with particles of inert alundum 
(100 mg) and placed in the isothermal re- 
gion of the reactor; the upstream and down- 
stream sections of the reactor were filled 
with alundum. 

Sulfiding of some of the catalysts was 
done in situ; mixtures of 10% H2S in HZ 
flowed over the oxidic catalyst at atmo- 
spheric pressure and 400°C at a rate of 30 
cm3/min. In some experiments, the oxidic 
catalyst was not sulfided, but was instead 
reduced with Hz under the same conditions. 
After sulfiding or reduction of the catalyst, 
the reactor was cooled to the desired reac- 
tion temperature for HDO of 1-naphthol 
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(225°C). This temperature was chosen be- 
cause it allowed both a measurable conver- 
sion of the reactants and a measurable rate 
of catalyst deactivation. A higher tempera- 
ture (350°C) was chosen for the experiment 
involving the coal-liquid fraction. 

The reactant solution to be pumped to 
the flow reactor was prepared in an auto- 
clave; it was purged to remove air by pres- 
surizing and depressurizing 3 times with 
H2 ; the feed was then saturated with H2 at 
86 atm. In all experiments with sulfided cat- 
alysts, CS2 (0.1%) was present in the feed 
solution, its purpose being to maintain the 
catalyst in the sulfided state. In one experi- 
ment, 0.25 wt% CH30H was added to the 
feed prior to the saturation with hydrogen. 

Immediately after the sulfiding or reduc- 
tion procedure, the flow of feed was started 
with the reactor thermostated at 225°C. 
Typically, the flow continued for 36 h, dur- 
ing which time the product samples were 
collected every 2 h. All the experiments 
were done with a weight hourly space ve- 
locity (WHSV) of 0.4 (50 mg of catalyst, 
and 10 cm’/h feed flow rate). The pressure 
in the reactor was maintained at 120 atm. 

Product analysis. The coal-liquid prod- 
uct was analyzed for total oxygen by Mi- 
croanalysis, Inc., Wilmington, Del. The 
other product samples were analyzed by 
gas chromatography with a SE-54 capillary 
column, 30 m in length. 2,dDimethylnaph- 
thalene was used as an external standard. 

RESULTS 

Catalytic Activities and Catalyst 
Deactivation 

Moly-AlzOj and Ni-MO/y-Alz03 cata- 
lysts, both in the oxidic and sulfidic forms, 
were active for hydrodeoxygenation of l- 
naphthol. The products observed in all the 
experiments were the same as those found 
(8) in an investigation of the reaction net- 
work (Fig. 1). Tetralin was the organic 
product formed in highest concentration; 
naphthalene, I-tetralone, and 5,6,7,8-tetra- 
hydro-1-naphthol were observed in lower 
concentrations. The hydrogenation and 

HDO reactions were accompanied by a 
keto-enol conversion involving 1,2-dihy- 
dronaphthol and tetralone. The rates of for- 
mation of cis- and trans-decalin were negli- 
gible at the conversions observed. 

Typical results are shown in Fig. 2, 
where I-naphthol conversion is plotted as a 
function of time on stream, determined in 
experiments with MO/~-Alz03 and Ni-Mo/ 
y-A&O3 catalysts originally in the oxidic 
and in the sulfidic forms. (There was CS2 in 
the feed when the reactor contained a sul- 
fidic catalyst.) The oxidic MO/~-AlzOj cata- 
lyst had a relatively high initial activity and 
underwent slow deactivation. The oxidic 
Ni-MO/y-A1203 catalyst had a higher initial 
activity and underwent a relatively rapid 
deactivation for approximately 25 h, after 
which the rate of deactivation leveled off. 

The sulfidic MO/~-A&O3 catalyst had a 
low initial activity and underwent little de- 
activation. The sulfidic Ni-MO/y-AllO cat- 
alyst had a lower activity than the oxidic 
form but a higher initial activity than the 
sulfided MO/~-AlzO1 catalyst. After roughly 
20 h onstream, the conversion of l- 
naphthol catalyzed by the sulfidic Ni-Mo/ 
y-A1203 approached that catalyzed by the 
sulfidic MO/~-A1203. 

In summary, the oxidic forms of each 
catalyst were initially more active than the 
sulfidic forms. The rate of decrease of ac- 
tivity of the MO/~-Alz03 was lower than 
that of the Ni-MO/y-AlzOj , independent of 
whether the catalysts were in the oxidic or 
sulfidic form. 

The oxidic MO/~-A1203 catalyst was reac- 
tivated by treatment with H2 for 2 h at 
400°C. The reactivated catalyst regained al- 
most all its initial activity. A complemen- 
tary experiment was done with the sulfidic 
Ni-MO/y-A&O3 catalyst. Complete reacti- 
vation was observed after a H2S/H2 treat- 
ment at 400°C for 2 h. We conclude that 
both the oxidic MO/~-A&O3 and the sulfidic 
Ni-MO/y-A&OX catalysts could be deacti- 
vated and reactivated reversibly. 

Hydrodeoxygenation of the weak-acid 
fraction of the SRC-II coal-derived liquid 
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FIG. 2. Catalyst deactivation during hydrodeoxygenation of I-naphthol. Temperature = 225°C; 
pressure = 120 atm; WHSV = 0.4. The feed contained 2.2 x lo-’ mol of 1-naphthol/g of solution. 
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was investigated with the sulfided Ni-Mo/ 
y-A&O3 catalyst. The change in the frac- 
tional removal of oxygen (determined by el- 
emental analysis of the products) with time 
onstream is shown in Fig. 3. Part of the 
initial catalytic activity was lost in a period 
of roughly 10 h, after which the deactiva- 
tion was almost negligible; this behavior is 
qualitatively like that observed with the l- 
naphthol, evidently confirming the appro- 
priateness of this model reactant. 

Selectivities of Catalysts 

Accompanying the deactivation of the 
catalysts in all the experiments with l- 
naphthol, there were changes in selectivity. 
The Ni-MO/y-Al203 in both the sulfidic and 
oxidic forms catalyzed formation of prod- 
ucts that did not react further to give tetra- 
lin in any significant concentration. There- 
fore, assuming that the network of Fig. 1 is 
valid for both forms of the catalyst, we infer 
the pattern of changes in selectivity for hy- 
drogenation vs HDO as a function of time 
on stream. The results are illustrated in Fig. 
4 for the sulfidic Ni-MO/y-A&O, catalyst. 
The concentration of naphthalene (the hy- 
drodeoxygenation product) decreased with 
time on stream, and the concentration of 

5,6,7,8-tetrahydro-1-naphthol (the hydroge- 
nation product) decreased slightly with 
time on stream. In contrast, the concentra- 
tion of 1-tetralone increased; only little l- 
tetralone was found in the product for ap- 
proximately the first 10 h, but a high 
concentration of 1-tetralone was main- 
tained later in the experiment, decreasing at 
times beyond 40 h onstream. 

The change in selectivity observed with 
the oxidic Ni-MO/y-A&O3 catalyst was less 
but followed much the same pattern. The 
concentrations of the products naphtha- 
lene, I-tetralone, and 5,6,7,8-tetrahydro-l- 
naphthol all maintained higher values than 

FIG. 3. Hydrodeoxygenation of the weak-acid frac- 
tion of SRC-II coal-derived liquid catalyzed by sul- 
fided Ni-Moly-A&Or . Temperature = 350°C; pressure 
= 120 atm; WHSV = 0.64 fg of catalyst * h)/(g of weak 
acid fraction). 
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FIG. 4. Product distribution during hydroprocessing of I-naphthol catalyzed by sulfided Ni-Moky- 
A1203: mass of catalyst = 50 mg; WHSV = 0.4; temperature = 225°C; pressure = 120 atm. 

those observed with the sulfidic form of the 
catalyst. 

When the oxidic MO/~-A1203 catalyst was 
used, the concentrations of these products 
were negligible; the only observed organic 
product was tetralin. When the sulfidic MO/ 
y-A1203 catalyst was used, negligible con- 
centrations of naphthalene and 5,6,7,8-te- 
trahydro-1-naphthol were again observed, 
but the I-tetralone concentration was mea- 
surable, having a nearly constant value, 
less than that observed with the sulfidic Ni- 
MO/~-Alz03 catalyst. 

In summary, assuming the general valid- 
ity of the reaction network shown in Fig. 1, 
we infer that the catalytic activity for the 
HDO reaction decreased to a greater extent 
during the deactivation of the catalyst than 
did the activity for hydrogenation. This pat- 
tern of selectivity change was more pro- 
nounced for the sulfidic than the oxidic cat- 
alysts. 

Role of Water in Catalyst Deactivation 

Since water was a product in all the 
aforementioned experiments, it was consid- 
ered to be a possible cause of the catalyst 
deactivation. To test this assumption, we 
added methanol (0.1 wt%) to the feed in 

some experiments. Methanol was chosen 
because it is (slightly) soluble in the feed 
and expected to decompose readily in the 
presence of the catalyst to form water and 
methane. Since methane is expected to be 
virtually inert, any change of activity or se- 
lectivity is inferred to be caused by the wa- 
ter. 

The activity of the sulfided Ni-MO/y- 
A&O3 catalyst decreased as a result of the 
addition of methanol to the feed. The prod- 
uct distribution observed initially in the ex- 
periment with added methanol was nearly 
the same as that observed with the same 
catalyst after it had been deactivated by op- 
erating for 25 h on stream, as shown in Fig. 
4. The degree of activity loss caused by the 
methanol was also the same as that of the 
catalyst after 25 h of operation without 
added methanol. All these results are con- 
sistent with the hypothesis that water 
caused the decrease in activity and the 
change in selectivity of the catalyst. 

DISCUSSION 

Since the deactivation of the catalyst 
took place similarly for I-naphthol and the 
complex coal-liquid mixture, we infer that 
the pattern of initial relatively rapid deacti- 
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vation followed by slow deactivation may 
be general for hydroprocessing of oxygen- 
containing fossil fuels. The results show 
that for both the oxidic and sulfidic cata- 
lysts, the Ni-MO/y-A&O3 has a higher ini- 
tial activity than the MO/~-Alz03. After ap- 
proximately 25 h on stream, however, there 
was only little difference, suggesting that 
after the catalyst underwent a break-in, the 
role of the nickel was sharply diminished. 

Since methanol accelerated the decline in 
activity, we infer that water is the cause of 
the rapid deactivation observed in the 
break-in period. We suggest that during 
this period, in the presence of water, the 
catalyst underwent significant structural 
changes. Since the catalysts may be used in 
the presence of H2S as well as H20, we may 
expect both the oxidic and sulfidic forms to 
occur, depending on the processing condi- 
tions. 

To explain the difference between the 
Ni-Mo/y-Alz03 and Mo/y-AlzOs catalysts 
with respect to their degree of deactivation, 
we propose that there are two different 
types of sites on the Ni-Mo/y-Alz03 cata- 
lysts. One type is also presumed to be 
present on the MO/~-A&O,. As a result of 
formation of water on the catalyst surface, 
one type of site on Ni-MO/y-A1203 is pre- 
sumed to be deactivated, the remaining site 
being that present on the MO/~-A1203. This 
simple hypothesis provides an explanation 
for the result that the Ni-MO/y-A&O3 and 
Mo/y-AlzOs catalysts had about the same 
activity in the deactivated state following 
the break-in period. The effect of added 
methanol is consistent with this suggestion, 
i.e., the sulfidic MO/~-A&O3 catalyst in the 
presence of methanol had about the same 
activity as the deactivated catalyst. Both 
types are (partly) deactivated by water, but 
the sites associated with MO appear to be 
less susceptible to deactivation than those 
associated with Ni. 

A simple explanation for the deactivation 
follows from the assumption that an active 
site consists of an anion vacancy next to a 
transition metal ion; the site can become 

saturated by adsorption of Hz0 or H#. 
Consequently, we suggest, the site can ei- 
ther operate in direct HDO [as has been 
suggested by Lipsch and Schuit (25) for 
HDS] or in aromatic ring hydrogenation [as 
suggested by Kwart et al. for HDS (26)); in 
each case, two H atoms are donated to the 
reactant molecule. Desikan and Amberg 
(27), working with sulfidic catalysts, con- 
cluded that the two reactions needed differ- 
ent types of anion vacancies, an assump- 
tion that is widely accepted (I&). This 
requirement leads to the inference that the 
rates of deactivation should be different for 
the hydrogenation reactions (1 and 3) on the 
one hand, and for the HDO reaction (2) on 
the other (Fig. 1). Indeed, with the sulfidic 
catalysts, the activity for reaction 2 is more 
readily lost than that for reactions 1 and 3. 
We might infer, then, that Lipsch’s site and 
Kwart’s site are different, e.g., because [as 
assumed by Stevens et al. (IS)] the Kwart 
site is located on the crystal edge and the 
Lipsch site on the basal plane of MOE’&. The 
oxidic catalyst, on the other hand, does not 
show this difference: the Lipsch site and 
the Kwart site might therefore be more 
nearly the same, The deformed rutile sym- 
metry of Moo2 (29) would probably present 
many slightly different surface sites but not 
the sharp difference between edge site and 
basal plane site of the MO& layer structure. 

Reaction 3 can be written in terms of a 
Kwart mechanism followed by a fast keto- 
enol tautomerization; the ultimate product 
should be tetralin formed by HDO of tetra- 
lone. The water formed in the reaction in- 
hibits the tetralone-tetralin reaction, and, 
as a consequence, tetralone becomes the 
main product. The keto-enol tautomeriza- 
tion is catalyzed by traces of bases or acids 
(20). The surface of an alumina support 
containing -OH groups would therefore 
catalyze this reaction. Instead of being in- 
hibited by water, this reaction could actu- 
ally be facilitated as water reacts with the 
A&O3 surface to increase the -OH group 
concentration. 

The blocking of sites by HZ0 or H2S can 
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be considered as simple ligand association 
with an anion vacancy, represented sche- 
matically as follows: 

02-0, + H20 ti 20H- (4) 

S2-0, + H20 3 SH * OH (5) 

where 0, is an anion vacancy. 
An alternative model is given by an ox- 

idative addition: 

2M03+ + 02-0, + H20 $ 

2M04+ + 202- + H2 (6) 

2M03+ + S2-0 a + H2S * 

2M04+ + 2S2- + H2 (7) 

where 02- and S2- are anions located on 
the surface but belonging to the bulk struc- 
ture. Similar equations are feasible for Ni” 
-+ Ni2+ + 2e-, etc. The oxidative addition 
is similar for the catalyzed HDO and HDS 
reactions; it appears to offer the better pos- 
sibilities for explaining the observed ef- 
fects. For instance, the difference in activ- 
ity between oxidic and sulfidic catalysts 

(the latter being less active) could be a con- 
sequence of the MO in the sulfidic catalyst 
remaining in a higher oxidation state be- 
cause of the continuous addition of CS2. As 
a result, reaction (7) would be driven to the 
right (fewer anion vacancies, less tendency 
for electron donation, and therefore less ac- 
tivity). A pretreatment with H2, on the 
other hand, would be expected to drive re- 
action (6) to the left (more vacancies and 
greater activity). On the other hand, adding 
H20 would be expected to have a much 
greater effect on reaction (6) than on reac- 
tion (7), because the latter reaction is al- 
ready driven to the right because of the ear- 
lier presence of H2S. 

The thermochemistry of some of these 
reactions can be estimated from enthalpies 
of formation given in the literature (22, 23): 
Moo33 -180; Mo02, -140; NiO, -57; 
MoS2, -66; Ni3S2, -52; NiS, -22; and 
H20(g), -58 kcaVmo1. We estimate roughly 
the following values for M0203, -210, and 
M02S3, - 100 kcal/mol. The following en- 
thalpies of reaction, AH,, are then esti- 
mated (all in kcal/mol): 

AH,, kcal/mol 
M0203 + Hz0 ti 2M002 + H2 -12 

Ni + H20 8 NiO + H2 +1 
Ni3S2 + Hz0 + NiO + 2NiS + H2 +10 

M02S3 + Hz0 8 #MO& + iMoO + H2 -11 

The reactions written from right to left are 
expected to occur during pretreatment, 
while those written from left to right are 
expected to represent the interaction with 
H20, i.e., the deactivation. Reduction to 
the active state is apparently more difficult 
for molybdenum compounds than for nickel 
compounds, so that nickel-containing spe- 
cies would be more active for the catalytic 
reaction; however, they would become 
more readily deactivated by H20. Obvi- 
ously, given the uncertainties in the esti- 
mates of the enthalpies, this line of reason- 

ing should be considered speculative. At 
best, it is an indication that the oxidative 
addition mechanism may be considered a 
viable alternative to the simple ligand asso- 
ciation. 
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