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Abstract

The importance of hydrodeoxygenation (HDO) which occurs during hydroprocessing depends on the origin of feeds. HDO
plays a minor role in the case of the conventional feeds, whereas for the feeds derived from coal, oil shale, and, particularly from
the biomass, its role can be rather crucial. The mechanism of HDO was established using a wide range of model compounds.
Complexities in the HDO kinetics have been attributed to the self-inhibiting effects of the O-containing compounds as well
as inhibiting and poisoning effects of the S- and N-containing compounds present in the feeds. This is a cause for some
uncertainties in establishing the order of the relative HDO reactivities of the O-containing compounds and/or groups of the
compounds as well as relative rates of the removal of S, O and N. Complexities arise particularly for real feeds. This is
supported by deviations from the established order such as HDS>HDO>HDN. The cases for which the overall HDN was
greater than HDO were also observed. In this case, distribution of the O- and N-containing compounds in the feed and the
type of catalyst are of a primary importance.

HDO is the main reaction which occurs during hydroprocessing of the bio-feeds. The current research activities in HDO
are predominantly in this area. Apparently, more stable catalysts are needed to make production of the commercial fuels from
the bio-feeds more attractive. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction catalysts; therefore, their removal may be required to
achieve deep HDS of fuel in a final hydroprocessing
Hydrodeoxygenation (HDO), hydrodesulphur- step. During HDO, oxygen in the feed is converted
ization (HDS), hydrodenitrogenation (HDN), hy- to HxO which is environmentally benign. Further-
drodemetallization (HDM and hydrogenation (HYD) more, in conventional crudes, the content of oxygen
occur simultaneously during hydroprocessing of var- is less than 2wt.%. Therefore, HDO requires little
ious feeds for the production of fuels. The removal attention. However, in the case of synthetic crudes,
of sulphur and nitrogen is environmentally driven such as those derived from coal and biomass, the
because the fuel combustion generates 8ad NQ. oxygen content may be well in excess of 10 wt.%. In
emissions. Also, N-compounds in the feeds poison fact, for biomass-derived feeds, the oxygen content
may approach 50wt.%. Some of the O-compounds
*Tel.: +1-613-5655604; fax:-1-613-5655618. in the feed readily polymerize and as such are the
E-mail addressefurimsk@netcom.ca (E. Furimsky) cause of the fuel instability which may lead to poor
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performance during the fuel combustion. During hy- pressure and a higher temperature are necessary for
droprocessing, such compounds may be the cause oftheir conversion to O-free products. On account of
a rapid catalyst deactivation. high phenols’ content, conditions employed during the
The first review on HDO was published in 1983 hydroprocessing of stabilized bio-oils may approach
[1]. Limited information on various aspects of HDO those employed during the upgrading of CDLs.
was available in the literature at that time. Therefore, During the HDO studies, conventional hy-
some conclusions had to be based on the assump-droprocessing catalysts, such as CoMe(d and
tions and/or on the information extrapolated from the NiMo/Al>Os, were used most extensively. In this
HDS and HDN results available in the literature. At review, their properties, structure and composition
the same time, considerable interest in the upgrading will receive little attention because these aspects of
of the coal-derived liquids (CDLs) was noted. This the catalysts have already been reviewed extensively
resulted in numerous studies on the HDO involving [2-5]. The most recent account of the utilization of
model O-compounds, mixtures and real feeds. In addi- hydroprocessing catalysts was given by Grange and
tion, the understanding of HDO was expanded by nu- Vanhaeren [6]. The reactions which occur simultane-
merous studies on upgrading of the biomass-derived ously with HDO, i.e., HDS, HDN and HDM, have
liquids, and to a lesser extent, also that of oil shale. been reviewed periodically as well. Comprehensive
Considering the wealth of the new information, an up- reviews of the reactions occurring during hydropro-
date of the review appears to be desirable. Thus, acessing were published by Girgis and Gates [7] and
database of the experimental results available in the lit- Topsge et al. [8]. Catalyst deactivation during hy-
erature can now be accessed and used to clarify severatiroprocessing, including the adverse effects of the
issues, i.e., effects of the catalyst type, feed composi- O-compounds, was reviewed recently by Furimsky
tion, processing conditions etc. on HDO. The issues and Massoth [9], as well as a potential reuse of the
which require additional research may be addressed.catalysts after regeneration [10]. The aspects asso-
It should be noted that HDO has also attracted atten- ciated with the selection of the catalysts to match
tion because hydroprocessing may convert waste plas-a particular feed with a reactor and hydroprocess-
tics and other O-containing wastes to usable products.ing conditions have also received attention [11]. It
Other potential applications, in which HDO can play is believed that advanced hydroprocessing catalysts,
certain role, may emerge in the future. such as those used for deep HDS and aromatics re-
The H consumption and severity of the opera- moval, possess also a high HDO activity. In recent
tion required for achieving high HDO conversions years, novel metal carbides and metal nitrides were
depend on the content and type of the O-compounds successfully tested for HDO and other reactions [12].
in the feed. An active catalyst must be present to However, it may take some time before these catalysts
achieve desirable HDO conversions. For CDLs, more find a commercial use.
than one stage may be required to achieve complete
HDO because of a high content of O-compounds and
aromatics. A multi-stage operation is an essential re- 2. Oxygen compounds
quirement for conversion of bio-oils to commercial
fuels. The first stage, the so-called stabilization stage, Approximate compositions of feeds differing
is performed below 573K to remove O-compounds in origin are shown in Table 1. Structures of the
which readily undergo polymerization. In this case, O-compounds identified in the feeds to be used for
primary reactants such as methoxyphenols, biphenolsthe production of fuels are shown in Fig. 1. Thus,
and ethers are converted to phenols which have to the feeds include conventional liquids, cracked distil-
be removed in the second stage performed at aboutlates, heavy oils, fractions derived from the primary
623 K. Other O-compounds, i.e., ketones, carboxylic upgrading of heavy oils, CDLs, oil shale liquids and
acids, esters etc. may also be involved. Furans andbio-oils. The proportions of the O-groups will depend
phenols (mostly methylated) are the predominant on the origin of the feeds [1].
O-compounds in CDLs. Some of these compounds The O content of the conventional petroleum-derived
have a low HDO reactivity. Therefore, a highep H feeds is less than 2wt.% [13]. The average value of
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Table 1
Compositions of some feeds for HDO

Conventional crude Coal-derived naphtha Qil shale crude Bio-oils

Liquefied Pyrolyzed

Carbon 85.2 85.2 85.9 74.8 45.3
Hydrogen 12.8 9.6 11.0 8.0 7.5
H/C 1.8 14 15 1.3 2.0
Sulphur 1.8 0.1 0.5 <0.1 <0.1
Nitrogen 0.1 0.5 14 <0.1 <0.1
Oxygen 0.1 4.7 1.2 16.6 46.9

the O content estimated by the American Petroleum actions play a minor role during the hydroprocessing
Institute was about 0.5wt.%. The O content increases of light fractions, their importance increases during
with the boiling point of the fractions derived from catalytic upgrading of heavy residues. Naphthenic
petroleum. Thus, the O content of the asphaltenes acids were perhaps the first O-compounds identified
and resins which were separated from the distillation in petroleum. During distillation, they concentrate

residue may approach 8wt.%. Then, while HDO re- in the gas oil and vacuum gas oil [14]. It has been
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Fig. 1. Oxygen-containing compounds in petroleum.
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concluded that the carboxylic acids with carbon less acids were linear and were, predominantly, of the
than G are aliphatic. Monocyclic acids begin agC  C14—Cyo range. Species containing carboxylic groups
and predominate abovei& A very small amount and quinones were identified by Novotny et al. [27]
of the O in conventional liquids complicates the and Boduszynski et al. [28], respectively.
identification of the other individual O-compounds. A review of the processes used for the production of
Nevertheless, groups such as hydroxyl, carbonyl, bio-oils shows a wide range of composition, although
carboxylic, etheric and sulphoxides were found in the processes can be grouped into two general groups,
conventional fractions [1]. It is believed that at least a i.e., high pressure liquefaction and pyrolysis [29]. The
part of these compounds arose from the exposure toO content of the primary liquids from pyrolysis may
air. Thus, it is well established that such groups are approach 50% [30], whereas that from liquefaction is
formed during the autoxidation of hydrocarbons and less than 25% [29]. An extensive characterization of
thiophenes [15]. With respect to HDO, the most im- bio-oils from pyrolysis was undertaken by Maggi and
portant O-compounds are phenols and furans becauseDelmon [30,31]. Typical O-containing structures iden-
of their resistance to HDO. During cracking, phenols tified in these studies are shown in Fig. 2. Phenols may
are converted to arylethers, indicating their presence account for one-fourth of liquids derived from ligno-
in cracking distillates. cellulosic biomass [32]. Other types of O-compounds
HDO is among the key reactions occurring dur- include ketones, aldehydes, carboxylic acids, esters,
ing the fuel production from CDLs. Depending on alcohols and ethers [33]. Compounds containing two
the coal and the process, the O content in the feed or more O-groups, i.e., hydroxylic and etheric groups,
may approach 10wt.%. The type of O-compounds are quite common. Examples of such structures are
depends on the liquefaction process and structure of guaiacols (GUASs), eugenol, vanillin and biphenols.
coal from which the liquids were derived as well. An  Two steps might be required to achieve a complete
extensive characterization of the CDLs from the sol- conversion of such compounds to hydrocarbons. Ad-
vent refined coal (SRC) process was undertaken by ditional phenols and dihydroxyphenols are important
Gates et al. [16-21] for the purpose of studying the products of the first step, the so-called stabilizing step.
HDO reactions occurring during hydroprocessing. Us- Therefore, the HDO of such a species is an important
ing preparative liquid chromatography, these authors part of the final step.
separated nine fractions from an SRC liquid. The
O-compounds, predominantly of a phenol type, were
concentrated in a very weak acid fraction and weak
acid fraction containing 8.90 and 9.79wt.% O, re-
spectively. The following compounds were identified
as major components: 5,6,7,8-tetrahydro-1-naphthol,
2-hydroxyphenylbenzene, 4-cyclohexylphenylphenol
and an unidentified isomer of methylphenol. Other
O-compounds, i.e., furans, ethers and ketones, were
concentrated in a neutral-oil fraction. Hydroxy-
pyridines and hydroxyindoles were found in a
basic-fraction. Alkylphenols and alkylindanols were
predominant components of the CDL fractions from
the Exxon donor solvent (EDS) process [22]. The lig-
uid remaining on the catalyst surface after hydropro-
cessing of a CDL contained arylethers, xanthenes
(XA), furans and phenols [23]. Predominantly, mono-
cyclic phenols, in addition to naphthols, indanols
and fluorenols, were identified in shale oil by Bett
et al. [24] and Rovere et al. [25]. Afonso et al. [26] oGk~ — | N D
found 1.2 wt.% of carboxylic acids in a shale oil. The 0gfp = 109 1—q« m109

3. Thermochemical aspects of HDO

Several chemical bonds have to be broken before
the final elimination of O. Some bond strengths are
shown in Table 2 [34]. In the case of ethers and alco-
hols/phenols, the bond strength of the O attached to
the aromatic carbon ((g) is about 84 kJ/mol greater
than that of the O attached to the aliphatic carbon
(CaL)- This implies that O elimination from phenols
and aromatic ethers will be more difficult than from
alcohols and aliphatic ethers. After HYD of the aro-
matic ring to corresponding cycloalkane, thergcO
bond is converted to £ —O bond. This will enhance
O elimination. Then, K pressure may be an important
factor influencing HDO. Some HYD equilibria were
estimated at 623 K and are shown in Fig. 3. These cor-
relations were estimated from the following equation:



E. Furimsky/Applied Catalysis A: General 199 (2000) 147-190 151

o}

o) OH
C—H o COOH Et—O—CH,—CH—CH,

\\ // oot L o C(CHs)

OH 373

0o Il /
0 CH3—-O—C—CH\
I COOH
OH C—H CH, CH(CHy),
O
O—CH,—CH,
OMe OMe m
OF: OH OH on
oH OH OH
OH OH O~ B @omc Me
(0]
; OMe E OMe Me
E OMe o Me
CH=CH—CH, Me OH o OH OH
Q COOMe O OMe M%chmg
OH C
/
cf, Yo i
OMe Me OH CH,—CH=CH, Me

Fig. 2. Typical structures of O-compounds in bio-oils from pyrolysis [31].

where of moles of k. LogK, values for furan, phenol and

indol were estimated from the thermodynamic data
= compilation published by Stull et al. [35] and that

1-a PR for benzofuran (BF) was extrapolated from the results

In these correlationsp, P, and Pk are pressures of published by Edelman et al. [36]. Being based on the
H,, product and reactant, respectivalyjs the con- ideal standard state, the calculations serve only to es-

without paying attention to other factors, e.g., catalyst

surface, steric effects etc. It is evident that the HYD

« _ B

100 7p—y———T—" ] — of a furanic ring fused with an aromatic ring becomes
Furan l | | more difficult. Nevertheless, after BF is converted to
- 807 "1 phenet | | Benzofuran| | 2,3-dihydroBF, the strength of one C—O bond will de-
£ 60 T ! e crease significantly. The trends established in Fig. 3
§ / / ‘ suggest that, after the ring in 2,3-dihydroBF is opened,
S 4l | -
§ | T
20 |- L _ T k% Table 2
| i = ? Indol | | | Bond dissociation energies (kJ/mol)
0 &= R — RO-R 339
0 50 100 150 200 RO—Ar 492
Pressure, MPa R—_OH 385

. . S Ar—OH 468
Fig. 3. Hydrogenation equilibria of model compounds.




152

Table 3
Reactions corresponding to Fig. 4 [36]

BF+H»>=2,3-dihydrBF
BF+2Hy=styrene+-H,O
2,3-dihydroBR-H,=o0-ethylphenol (OEP)
OEPRt+H,=ethylbenzengH,0
OEP}+3H,=ethylcyclohexanol
OERt+H,=phenok-C,Hg
EthylbenzengH,=toluenetCHa
EthylbenzengH,=benzenea-CyHeg
Ethylbenzeng 3H,=ethylcyclohexane

[uy

©oo~NOoOOaA~,WDN

the subsequent HDO of the ethylphenol intermediate
will govern the overall HDO of BF.
Edelman et al. [36] determined the effect of tem-

E. Furimsky/Applied Catalysis A: General 199 (2000) 147-190

However, styrene was an important product during the
HDS of the S analog benzothiophene (BT) at a near
atmospheric pressure ofbH37]. It was suggested on
the basis of bond strength considerations that styrene
formation from BT may be more favorable than from
BF [38]. Similar evaluation of dibenzofuran (DBF)
cannot be done because necessary thermodynamic
data is lacking. A direct extrusion of O from DBF
avoiding ring HYD is supported by the strength of
the newly formed chemical bonds compared to that
of the broken bonds. Thus, the dissociation energy of
the G.ar—Car bond connecting two benzene rings in
biphenyl and two newly formed £&g&—H bonds, i.e.,
about 493 and 468 kJ/mol, respectively, are among
the strongest organic bonds. Also, direct extrusion

perature on equilibrium constants for several reactions may be favored by a high stability and symmetry of

(Table 3) which may be part of the overall HDO of BF.

the final product (biphenyl). Further, the following

These correlations are shown in Fig. 4. It appears that order of the ring resonance energy was established:

direct HDO of BF vyielding styrene andJ@ is ther-
modynamically more favorable than the ring HYD,
although styrene is never experimentally detected
under B pressure typically used in industrial units.

25

20

furan<BF<DBF [39], suggesting that HYD of the

DBF will be least favorable and that of the furan most
favorable. Then, the probability of the direct O extru-
sion will increase from furan to DBF. This approach

-10

—-15 T T T T T
140 180 220

T T
260

300

T T T T

340 380 420 460

TEMPERATURE ( °C)

Fig. 4. Effect of temperature on equilibria constants of reaction in Table 3 [36].
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was used to compare relative easiness of the removaldrocarbons, was part of the overall mechanism, sug-
of S, N and O from petroleum [38]. gesting that CO should be among the products [41].
Chary et al. [42] compared carbon-supported CoMo
and NiMo catalysts with the AD3-supported CoMo
4. Mechanism of HDO and NiMo catalysts at a near atmospheric pressure
of Hy during the HDO of furan. The HDO activity
Essential information for elucidation of the HDO of the former was greater than that of the @}
mechanism has been obtained during studies involv- supported catalysts. The products from the HDO of
ing model compounds. Most of the attention has been methyl-furan included isomers of pentene, pentane
paid to furans and phenols. The latter are either presentand a small amount of pentadiene [43], whereas the
in the feed or are formed as intermediates during the HDO of 2,5-dimethyl-furan yielded 1-hexenes and
overall HDO of the furans. Interests in bio-oils was the 1,5-hexadiene as the major products [44]. The HDO
reason for including other model compounds in HDO of methylfuran was severely poisoned by piperidine
studies, e.g., methoxy hydroxybenzenes (GUAs), di- and to a much lesser extent also by lutidine. On ac-
hydroxybenzenes, methylarylethers, carboxylic acids count of a near atmospheric pressure of tised,

etc. these results reflect conditions of a limited hydrogen
HDO occurs simultaneously with competitive reac- availability, i.e., for a deactivated catalyst.
tions such as HDS, HDN, HYD and HDM, which will Thermodynamic equilibrium calculation revealed

influence the overall HDO mechanism. Therefore, that, under an bl pressure which is typical for hy-
the experimental conditions employed, feed compo- droprocessing, the furan ring is completely hydro-
sition and type of catalyst used must be thoroughly genated to tetrahydrofuran (THF) [38]. Then, the
examined before comparing the reaction networks hydrogenated ring is an important intermediate be-
proposed by different workers. For example, it is de- fore the final O elimination can take place. Under the
sirable that the feed contains enough of a sulphur do- same conditions as applied during the HDO of furan
nating agent to prevent modification of the sulphided [40], i.e., a near atmospheric pressure of the HDO
form of the catalyst by KO. Difference in the HDO of THF was about three times faster than that of the
mechanism can arise by comparing studies on the furan [45]. Also, butadiene was an important product,
individual model compounds with those of mixtures particularly over the reduced CoMo/AD3 catalysts.

of model compounds. The reactions occurring during As is shown in Fig. 5, the overall HDO conversion
the hydroprocessing of real feeds can be discussed inwas higher on the presulphided catalyst [46]. This was

general terms only. complemented by a lower coke laydown. The temper-
ature increase from 603 to 703 K resulted in a signif-
4.1. Furans icant increase in the butadiene yield. Other products

included all the same ££and G compounds which

The HDO of furan was conducted at 673K and at were formed during the HDO of furan. Kordulis et al.
near atmospheric pressure op h the presence of  [47] observed that the overall HDO conversion of THF
a reduced and sulphided CoMoj8l3 catalyst [39]. over the fluorinated NiMo/AlO3 catalyst increased
For the latter, the overall HDO conversion was more compared to the fluorine-free catalyst. However, they
than twice that observed over the reduced catalyst. did not study the effect of fluorine on the product dis-
The products included ethylene, propane, propene, tribution. Bartok et al. [48] conducted HDO of THF
n-butane, 1l-butene ands- and transbutenes. The  over Pt catalysts supported on H(SIO, and ALO3
yield of n-butane decreased with time on stream, in- between 423 and 623 K. The support had a pronounced
dicating a decreased availability of the surface hydro- effect on the selectivity. Thus, on the Pt/Ti@ata-
gen due to deactivation. It was suggested that butanelyst, the main product was butane, while on the other
and butenes arose from a partially hydrogenated ring two catalysts, decarbonylation accompanied by CO
and/or HYD of butadiene, while still being adsorbed formation was predominant. The butoxy species, still
on the surface. In addition, hydrocracking of the C—C attached to the catalyst surface, was proposed to be
bond attached to the O heteroatom, giving I&/- a key intermediate for product formation. In a similar
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Fig. 5. Effect of catalyst pretreatment on HDO of THF and carbon
deposits [46].

study published by Kreuzer and Kramer [49], the or-
der of the catalyst activity was established as follows:
Pt/SiG<Pt/Al,O3<Pt/TiO,. Also, butanol was iden-

tified as a primary product which subsequently under-
went either HDO to butane or decarbonylation to CO

E. Furimsky/Applied Catalysis A: General 199 (2000) 147-190
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Fig. 6. Tentative mechanism for HDO of BF [36].

were also detected. The HDO ofethylphenol in the
absence of BF yielded the same products as that of
the HDO of BF. However, a high HDO conversion
of the former was attained between 493 and 533K,
suggesting an inhibiting effect of BF on the HDO of
the o-ethylphenol intermediate. The main steps of the
reaction network proposed by Lee and Ollis [50] are
in agreement with the mechanism proposed by Edel-
man et al. [36] shown in Fig. 6. However, the former
authors observed benzene, toluene and phenol as ad-
ditional, although minor, products. The slight differ-

and propane. The CO product caused self-poisoning ence may be attributed to a higher temperature, lower

of the Pt surface, particularly that of the C-O bond

H> pressure and a different catalyst (NiMog@8ls)

cracking. Based on these observations, the authorsemp|0yed by these authors. The distribution of the

proposed the following scheme for the reaction:

butanol butanaHl Hz
THF+Hz = | +H2 s |
butane+ H2O propanet+ CO

A detailed study on the HDO of BF in hexadecane over
presulphided CoMo/AlO3 catalyst (6.5 MPa of b)
was published by Lee and Ollis [50]. Below 533K,
2,3-dihydroBF anda-ethylphenol were the only prod-

main products from the HDO of BF obtained by Sat-
terfield and Yang [51] is shown in Fig. 7. The effect
of space time on the distribution is quite evident. The
HDO of BF was further investigated by Ramanathan
and Oyama [52] at 643K and anaHoressure of
3.1 MPa, using novel catalysts and one commercial
NiMo/Al ;O3 catalyst. The overall HDO activities of
these catalysts are shown in Fig. 8. Ethylbenzene and
ethylcyclohexane were the major HDO products. The

ucts. As the temperature was increased above 533 K,reaction network is shown in Fig. 6. Table 4 shows

the yield of o-ethylphenol increased and that of the

that, for the commercial catalyst, distribution of the

2,3-dihydroBF decreased. Appreciable amounts of the products differed from that for the novel catalysts.

major HDO products, such as ethylbenzene, ethyl-

Lee and Ollis [53] expanded their study to include

cyclohexane and ethylcyclohexene, were detectedthe effect of DBT on the overall HDO conversion of
above 583 K. Traces of cyclohexane and cyclohexene BF using a sulphided CoMo/AD3 catalyst. The
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o 100 T T T T T results in Fig. 9 show a favorable effect with in-
2 N\ .~ BENZOFURAN 1 creasing content of DBT until a maximum at about
~> 80fF . 0.075 mol of DBT in the mixture containing 0.15 mol
S L EAT;TY;‘?JECE;?EX_ANE’ . BF was reached. With further increase in DBT con-
2 eol CYCLOPEN TANE _ tent, the HDO rate decreased because the excess of
o | H5S inhibited the HDO reactions. At the same time,
z B BF had an adverse effect on the overall HDS of DBT.
@ 40 0-ETHYLPHENOL N In contrast, over an MdC catalyst, the HDO con-
<LS : - \ 1 version of BF decreased with the increasing content
S 20k . of DBT in the mixture [54]. Moreover, a significant
cz> £ | N change in the product distribution was observed in the
g z . L - presence of DBT, i.e., in the steady-state, the products
98 included 17% ethylcyclohexane, 7% ethylbenzene,
= 9 25 B 32% 2,3-dihydroBF and 44% ethylphenol compared
2&1 20¢- N with 4% ethylbenzene and 96% ethylcyclohexane in
5 1T e IO YCLONEXENES HDO of BF over MaN at a near aimospheric pres.
2 10F ETHYLBENZENE s s @ P pre:
o sl | sure of B and observed near complete conversion
@ ‘ 1 A l to hydrocarbons at about 673 K. Products such as

benzene, toluene and ethylbenzene were evenly dis-
tributed and no cycloalkanes were formed. The HDO
reactions were poisoned by NHPoisoning and/or
Fig. 7. Effect of space time on distribution of products from HDO  inhibiting effects on the HDO reactions, as well as

0] V0 200 300 400 500
SPACE TIME, hr gcat /mol BENZOFURAN

of BF [51]. potential surface modifications during the HDO [56]
will be discussed later in the review.
70 Reaction routes which may occur during the HDO

of DBF are shown in Fig. 10. They account for the
formation of the products and intermediates observed
by Krishnamurthy et al. [57] and Hertan et al. [58].
In addition, the former authors proposed the forma-
tion of 6-phenyl-1-hexanol. LaVopa and Satterfield
[59] observed that the retention time of this com-
pound coincided with cyclopentylmethyl benzene.
Single-ring products, such as benzene, cyclohexane,
cyclohexene etc. were the predominant products.
Thus, for sulphided NiMo/AlO3 and CoMo/AbO3
catalysts, LaVopa and Satterfield [59] observed that
more than 70% of the products (Fig. 11) had a single
NiMo Mo,C WC MoN VN NbC VG TiN ring, whereas for the corresponding oxidic catalysts,
the total yield of single-ring products decreased to
about 25%. For the former, the single-ring product
Table 4 distribution is shown in Table 5. Girgis and Gates
BF conversion and selectivity (3.1 MPa; 643K) [52] [60] also concluded that formation of the single-ring
compounds (cyclohexane, benzene and methyl cy-
clopentane) was the most rapid pathway for the HDO
of DBF. Thus, the assumption that cyclohexylben-
NiMo/Al20; 69 6.1 12 zene and biphenyl are the only products of the HDO
VN 63 14.2 6.8 . :

of DBF gave a steadily decreasing mass balance

Fig. 8. Effect of catalyst type on HDO of BF [52].

Catalyst BF conver-  Ethylphenol  Ethylbenzene/
sion (%) (mol%) ethylcyclohexane
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Fig. 9. Effect of DBT on HDO of BF and BF on HDS of DBT [53].

closure with increasing DBF conversion. Fig. 12 from the HDO of phenylphenol and cyclohexylphenol

shows that the mass balance closure could be ob-observed by LaVopa and Satterfield [59]. As Fig. 13

tained only by assuming that the single-ring products shows, the HDO of 2-cyclohexylphenol gave about
accounted for the difference. It can be questioned 90% single-ring products compared to less than 20%
whether single-ring products arose directly from the for the HDO of the phenylphenol. Cyclohexane ac-
parent reactant or were formed in secondary reactionscounted for about 80% of the single-ring products.
of the hydrogenated intermediates. The latter route The profiles in Fig. 13 suggest that dicyclohexyl was
is preferred on the basis of the product distribution a precursor to cyclohexane formation.

Single-ring products

OWOS OMO, ONO

AQ Single-ring products

}

@r@»@r@ (LU O

Fig. 10. Mechanism of HDO of DBF.
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Table 5

Selectivity towards single-ring products on sulphided CoMgDAl
and NiMo/Al,O3 catalyst8 [59]

Compound % Selectivity

CoMo NiMo
Cyclopentane 7.1 7.0
Methylcyclopentane 6.6 9.0
Cyclohexane 47 50
Methylcyclohexane 2.5 25
Cyclohexene b b
Benzene 3.3 3.6
Total single-ring products 71 72

2Note that the selectivities are identical for both catalysts.

b Varies.

157
4.2. Phenols

The substituted phenols are predominant phenolic
compounds. The effect of substitution on the overall
HDO conversion was investigated by Rollman [61].
Odebunmi and Ollis [62] studied the HDO of cresols in
the presence of aged and fresh sulphided CoMa@2A\l
catalysts in low temperature range (498-548K) and
high temperature (623—673 K) range and anptes-
sure ranging between 3.0 and 12.0 MPa. In a continu-
ous microreactor, they established the following order
of HDO reactivity: meta>para>ortho. Toluene and
cyclohexane were the main products. Small amounts
of methylcyclohexene were also formed. At low
temperatures and on the freshly sulphided catalyst,
toluene was the primary product which was subse-
quently hydrogenated to methylcyclohexane. At high
temperatures and on the aged catalyst, the subsequent
HYD of toluene disappeared and was replaced by
the formation of methylcyclohexane directly from
the cresol adsorbed on the catalyst surface. In subse-
quent studies, Odebunmi and Ollis [63,64] observed
inhibiting effects of indole, as well as BT and DBT,
on the overall HDO; however, distribution of the
HDO products remained unchanged. While using an
Ni—Cr catalyst, Samchenko and Pavlenko [65] ob-
served thab-methyl andp-methylphenol were more
stable than phenol anmt+-methylphenol. The follow-
ing sequence of decreasing HYD rate was established
by Shin and Keane [66] over an Ni/SiCcatalyst:
phenokm-cresol-cresol-cresol, suggesting that
the steric effect ofo-substitution is important re-
gardless of the type of catalyst [67]. The adverse
effects of o-substitution on HDO were confirmed
by Gevert et al. [68], who investigated a series of
methyl-substituted phenols in the presence of a sul-
phided CoMo/A}O3 catalyst. Their experiments were
performed in a batch reactor at 573 K and gngtes-
sure of 5MPa. The products formation during this
study is shown in Fig. 14. Thus, small amounts of
methylcyclohexene were formed initially; however, it
was gradually converted to methylcyclohexane. This
suggests that methylcyclohexene is a precursor to the
formation of methylcyclohexane.

A series ofo-substituted phenols was investigated
by Furimsky et al. [69] using oxidic and sulphided
CoMo/Al,O3 catalysts. The overall HDO conversions
of the phenol,o-tert-butylphenol ando-ethylphenol,
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Fig. 12. Effect of space time on formation of two-ring products from HDO of DBF [60].

were similar. As expected, d-methylphenol was
the least reactive and it underwent a greater dealkyla-
tion thano-methylphenol. The catalyst presulphiding
had a pronounced effect on the product distribution,
particularly on the yield of the hydrogenated parent
product. tert-Butylphenol was completely dealky-
lated to benzene and cyclohexane. Thus, its HDO
involved that of the phenol. Benzene rings containing
one more methyl group than the parent reactant were
also detected, although in small quantities. Similarly,
2,64ert-butyl-4-methylphenol was completely dealky-
lated in both 2,6-positions, whereas the 4-position
remained unchanged [70]. The overall mechanism for
the HDO of theo-substituted phenols shown in Fig.
15 includes two main HDO reactions, i.e., direct HDO
and HDO via hydrogenated phenol, occurring in par-
allel. In the latter case, ¥0 elimination may result

in the formation of the intermediate methylcyclo-
hexene species, which will be hydrogenated rapidly.
The formation of cyclohexene, alkylcyclohexenes
and methylcyclopentanes is also shown in Fig. 15,

although these were only minor products. Very small
quantities of these products were detected by Laurent
and Delmon [71] and other workers, particularly at
high reactant conversions.

A study on the HDO of cresols, published by
Wandas et al. [72], was conducted in the pres-
ence of naphthalene over a CoMof@g catalyst at
633K and 7MPa of K. Conversion of cresols in
the presence of naphthalene was lower than that of
cresols reacting individually. Also, in the former case,
a considerably greater variety of compounds was
formed in addition to methylcyclohexane, toluene
and ethylcyclopentane, which were the main prod-
ucts during the HDO of single cresols. New prod-
ucts included cyclohexane, dimethylcyclohexanes
and xylenes (mainlyn-xylene in the case o6- and
p-cresols), as well as the O-containing intermedi-
ates such as phenab;cresol arising fromp-cresol,
dimethyl and even trimethylphenols. Thus, in the
case ofo-, p- andm-cresols, the predominant species
were 2,6-dimethylphenol, 2,4-dimethylphenol and
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Fig. 15. Mechanism of HDO of 2-methylphenols.

posed by Wandas et al. [72] is shown in Fig. 16. The

2,5-dimethylphenol, respectively. The predominance much lower yield of tetralin in the presence of cresols

of mxylene in the case ai- andp-cresols, i.e., arising

compared to pure naphthalene was attributed to a hy-

from 2,6- and 2,4-dimethylphenol, was noticed. The drogen transfer from tetralin to phenols. Methylnaph-
tentative mechanism depicting these reactions pro- thalene an methyltetralin were also observed among
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0.8 0.08
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S s
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> =
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Fig. 14. Distribution of products from HDO of 4-methylphen:
4-methylphenol;[]: toluene; A: methylcyclohexanex: methyl-
cyclohexene [68].

the products. Participation of the hydrogen donors
during HDO received little attention, although the
high reactivity of the fused aromatic rings to HYD,
observed by Girgis and Gates [60], may suggest that
hydrogen transfer from a donor formed as an inter-
mediate to an O-compound may be part of the overall
HDO mechanism.

The product distribution shown in Fig. 17 was the
basis for the reaction network of the HDO of naphthol
in Fig. 18, proposed by Li et al. [73]. This network

CHy CHy
. @ ., — @CHa —= 2,4-dimethylphenc!
H 0 CH,

?cotolyst/: ?catalyst 7
Dsurtece 7 surioce”

Fig. 16. Mechanism of formation of xylenols from cresols [72].
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8. T v T L some octalins were formed from the perhydrogenated
intermediate, i.e., 1-decalol. These authors proposed
that octalins can be converted to tetralin and even
naphthalene. This was the simplest assumption giv-
ing a good representation of the data. In such a case,
intermediate tetralins and octalins may act as hydro-
gen donors. Tentative mechanism for the HDO of
5,6,7,8-tetrahydro-1-naphthol proposed by Girgis and
Gates [75] is shown in Fig. 19. It involves initial HYD

of the reactant via protonation at the ring containing
the OH group, followed by hydride addition. The
latter forms a cyclic diolefin, which may react either
via rapid HYD to give decalol or dehydrogenation to
give tetraline. Curtis and Pellegrine [76] used a sol-
uble Mo naphthenate to study the HDO of naphthol
in a batch reactor. At 653K and anyHbressure of
about 8.8 MPa, these authors observed tetralin as the
major product and naphthalene and decalin as minor
products, whereas the hydrogenated naphthols were
not observed.

Lee and Satterfield [77] studied the HDO of
8-hydroxyquinoline on a sulphided NiMo/#03 cat-
alyst at 633K and 6.9 MPa pressure of.Hhe reac-
tion network included three routes. Route 1 was HYD
to 8-hydroxy-1,2,3,4-tetrahydroquinoline, followed
by complete HYD to 8-hydroxy-decahydroquinoline
which underwent C—O hydrogenolysis to decahydro-
quinoline. Route 2 involved the HYD of C-O and
shows that tetralone reaches a maximum, indicating hydrogenolysis to give 1,2,3,4-tetrahydroquinoline.
its conversion to other products. The work was con- Route 3 leads to 8-hydroxy-5,6,7,8-tetrahydroquinoline
ducted in the presence of a sulphided NiMo/®4 followed by removal of the OH group to yield
catalyst at 473K and 3.5 MPa ofoHAt this temper- 5,6,7,8-tetrahydroquinoline. The HDN reactions oc-
ature, HYD of aromatic ring is the preferred route, curred only after HDO was completed. Thus, the
compared to the direct HDO of naphthol. Thus, overall hydroprocessing of the reactant was governed

Tetralin

5,6,7,8-Tetrahydronaphthol
Tetralone

Naphthalene
trans - Decalin

CONCENTRATION, kg mol/m3

Cay o -

‘dﬁ,"!"ﬁ_-_.-.-_;_-_-_i‘é-:.‘—__-—_.

€ 12 18
10-3 x TIME, s

Fig. 17. Product distribution from HDO of naphthol [73].

tetralin and 5,6,7,8-tetrahydro-1-naphthol account for
most of the converted naphthol. However, direct HDO
of naphthol exceeded ring HYD at higher temper-

by the rate of HDN. A mechanism involving tau-
tomerism was proposed by Kim and Allen [78,79] for
the HDO of pyridonols and chloropyridonols in the

atures. It was proposed that a keto-enol conversion solution of pyridine over a sulphided NiMo/AD3
involving 1,2-dihydronaphthol and tetralone was part catalyst between 548 and 598K and 10.5 MPa gf H
of the network. Also, the rates of formation@$- and
trans-decaline were very low. Vogelzang et al. [74]
compared the sulphided NiMo/AD3 catalyst with its
oxidic form and observed that the former accelerated
routes 1 and 3, whereas the oxidic form increased Arylethers are of primary interest because of their
the rate of route 2 in Fig. 18. Girgis and Gates [75] high stability as given by a much greater bond strength
observed that, at 623K, 5,6,7,8-tetrahydro-1-naphthol of the Car—O bond compared to theC—O bond
was rapidly converted via two routes, i.e., one giving (Table 2). Thus, dibenzylether reacted completely
tetralin and the other octalins. They postulated that even in the presence of poison, such as quinoline

4.3. Ethers
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Fig. 19. Mechanism of HDO of 5,6,7,8-tetrahydronaphthol [75].

[50]. Artok et al. [80] compared dinaphthylether with
diphenylether between 648 and 698K and at an H
pressure of 6.9 MPa in the presence of MoBDO

of the former involved HYD of the substrate and
O-containing intermediates, followed by direct dehy-
droxylation. However, in the case of the diphenylether,
the formation of benzene and phenol occurred ini-
tially. The HDO was completed by converting phenol
to benzene and cyclohexane, and isomerization of the
latter to methylcyclopentane. Similarly, Petrocelli and
Klein [81] identified phenol and benzene as primary
products during the HDO of diphenyl ether over a
sulphided CoMo/AdO3 catalyst at 7.0 MPa of H

At higher conversions (above 573K), phenol was
converted to benzene and cyclohexane (Fig. 20), in
agreement with the study published by Shabtai et al.
[82]. Kirby et al. [70] studied the HDO of dinaphthyl
ether and XA in the presence of an organometallic
CoMo precursor. The former was more reactive, i.e.,
at 673 K, conversion of the dinaphthyl ether and XA
was 100 and 58%, respectively. Dinaphthyl ether
yielded tetralin and naphthalene as major products,
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whereas for the latter, various phenols accounted for the stabilized liquids can be described in terms of the

most of the converted reactant. HDO of phenols.
Guaiacol (GUA) and substituted GUAs (Fig. 20a)
4.4. Bio-oil compounds have attracted much attention because of their rela-

tively high content in bio-oils and low stability. The
Fig. 20a was added to assist the reader with the un- mechanism shown in Fig. 21 indicates coke formation
common structures of O-compounds used frequently [90]. Coke was formed from both GUA and the pri-
to study the HDO mechanism of bio-oils. They in- mary product catechol (CAT). This is clearly shown
clude dihydroxyphenols, alkyl-arylethers, ketones, in Fig. 22. Thus, a mass balance closure could not be
carboxylic acids, esters and alcohols. In most stud- achieved. The reaction network proposed by Delmon
ies, conventional hydroprocessing catalysts have beenet al. [84,85] and Bredenberg et al. [86—88] over a
used. Some of these compounds readily polymerize CoMo/Al,Oz catalyst considers the hydrogenolysis
to coke-like products, even during their distillation. of the methoxy group to CAT and methane as the first
Then, a stabilization step, usually performed between stage, followed by the elimination of one OH group
473 and 573 K, may be required, particularly if a pro- from CAT in the second stage to produce phenol.
longed storage of such liquids is anticipated [83—93]. The coke arises from the interaction of GUA with the
Most of the studies involving these compounds fo- y-Al>Oz support rather than with the active metals
cussed on the stabilizing step only, i.e., phenols were [85]. CAT gave a similar amount of coke as the latter
the major O-containing products. Then, the HDO of when treated under the same conditions separately.

4Me-Acetophenone

0 0
H,C,-0-C-(CH,);—-C-0-C,Hj

Fig. 20. Mechanism of HDO of diphenylether [82].

Diethylsebacate Xanthene
COH OH oH o
OMe OH OMe OMe
l o
Guaiacol Catechol Eugenol Vanillin

Fig. 20a. Some uncommon structures discussed in the text.
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Phenol

was attributed to a direct elimination of the methoxy
group via hydrogenolysis of thes®—0O bond. Thus,
carbon support is considered an inert material. A
similar network was proposed by Petrocelli and
Klein [81] during their study on the HDO of methyl-
GUA, eugenol and vanillin. The product distribution
from the HDO of 4-propylGUA over Mo/AlO3
differed significantly from that over NiMo/RIl,03
[94]. The catalyst with the acidic support promoted
dealkylation tom- and p-methylphenols, ethyl- and
methylpropylphenols, whereas for the Mo@k cat-
alyst, p-propylphenol was the main product. Vuori
et al. [95] reported a beneficial effect of catalyst
sulphidation and the presence of sulphur in the feed
on the GUA conversion. The product distribution
was also influenced by sulphur. Thus, the forma-

However, Laurent and Delmon [90,91] showed that, tion of veratrole, anisole (ANI) and methylCAT was
for the carbon-supported CoMo catalyst, the phe- observed in addition to CAT and phenol. Kallury
nol/CAT ratio was seven times greater than that for the et al. [92] compared the reactivity of CAT with that
Al,O3-supported catalyst (Fig. 23). This observation of the m and p-dihydroxybenzenes. Then- and

mole fraction of phenol

0,2 0,3

mole fraction of catechol

Fig. 23. Yield of phenol as a function of yield of catechol, CoMo on@{ (@) and carbon £4) [84].
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p-dihydroxybenzenes gave primarily products of ring 5. Kinetics of HDO
saturation, whereas the CAT was converted mostly
to phenol. Tropinen and Bredenberg [89] studied HDO kinetics have been investigated using
methoxythiophenols in the presence of a sulphided single-component systems and mixtures alone or in
CoMo/Al,O3 catalyst at 528 K and an Hpressure the presence of S- and N-containing compounds as
of 5.0 MPa. They observed a 97.4% HDS conversion well as BbS, HbO and NH. Differences between
and only 2.5% HDO conversion to hydrocarbons. the kinetic parameters obtained by different authors
Laurent and Delmon [83,90] used 4-methylaceto- require a close examination of the experimental con-
phenone (4MA) and diethylsebacate (DES) to study ditions used. In this regard, the type and form of the
the HDO of ketones and esters. The reaction net- catalyst, test parameters, type of reactors (e.g., batch
work proposed by these authors is shown in Fig. 24 versus continuous), method of analysis, reactant con-
[90]. De-esterification also occurred presumably on centration, type of solvent etc. may be contributors.
the v-Al2,O3 support. It is noted that, for all these Viljava and Krause [96], while studying the HDO of
reactants, coke formation was much smaller than that phenol, pointed out how the mass balance inaccura-
for GUA [84]. The carbonyl group of the 4MA could cies can affect kinetic parameters in batch systems.
be readily hydrogenated to a methylene group at Also, LaVopa and Satterfield [97], while studying the
473K over sulphided CoMo/AD3 and NiMo/Al,O3 HDO of DBF, emphasized the importance of solvent
catalysts, i.e., yielding 4-methyl ethylbenzene as the volatility compared to that of the reactant for kinetic
main product. The decarboxylation and HYD of the measurements in trickle bed systems. Reliable kinetic
carboxylic group to a methyl group occurred simul- data can contribute to the understanding of the HDO
taneously. It is noted that a temperature of at least mechanism.
573K was required for the latter. However, car-
boxylated products were predominant. At 553K, the 5.1. Furans
HDO of decanoic acid (DEC) and ethyldecanoate
(EDEC) gave mainly nonane and decane with se- The kinetics of the HDO of single-ring compounds
lectivity ratios nonane/decane of 1.5 and 1.1, re- received little attention. Thus, only one study on the
spectively. Eskay et al. [93] observed that, at 673K kinetics of the HDO of THF could be found [48]. This
and in the absence of catalyst, only about 35% of work was performed in a continuous system using
1,2-(4,4-dicarboxyphenyl)ethane in tetraline was con- a sulphided NiMo/A}O3 catalyst, near atmospheric
verted via decarboxylation. As observed by Afonso pressure and between 533 and 573 K. On account of
et al. [26], at 673K and an Hpressure of 12.5MPa, the H, pressure used, the study has limited applica-
the conversion of carboxylic groups to methyl groups tions to the conditions which are applied during
was predominant compared to decarboxylation. hydroprocessing.

Q CHs
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H
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CoHpg

8H18
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"
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Fig. 24. Mechanism of HDO of ANI and DES [90].
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HDO conversion at much lower temperatures than
that of BF, i.e., BF almost completely inhibited the
HDO of o-ethylphenol below 573 K. The presence of
n the inhibition is supported by the apparent activation
energies for HDO of BF and-ethylphenol estimated
by Lee and Ollis [50], i.e., 138 and 71 kJ/mol, respec-
2 tively.

Another kinetic study on the HDO of BF was
conducted by Edelman et al. [36] over a sulphided
. NiMo/Al ;03 catalyst. The kinetic analysis used by
these authors was based on a similar reaction network
(Fig. 6) as that used by Lee and Ollis [50]. Also, for
HYD of BF, Edelman et al. [36] assumed a competi-
tive adsorption of reactant, oxygenated intermediates,
water and mercaptan on one site. Other assumptions
WIQ (g-eat. hr . liter") included a similarity of the equilibrium adsorption
constants for reactant, oxygenated intermediates and
water. Further, it was assumed that, when HYD of BF
predominates, the concentration of water is negligible.
The following form of the Langmuir—Hinshelwood

A Langmuir—Hinshelwood model was used in the Kkinetic adsorption model was obtained based on the
first kinetic study on the HDO of BF carried out by ~assumption that HYD is first-order in BF and is the
Lee and Ollis [50] over a sulphided CoMo/s3 cat- rate-controlling step:
alyst below 623K and an Hpressure of 6.9 MPa. A
competitive adsorption of reactant, oxygenated inter- hvd =
mediates, water and trace mercaptan on one site and > 1+ KrPR + KsPs+ KwPu + % Kpi Ppi
that of hydrogen on the other site was assumed. For )

a constant H pressure and complete conversion of WNerePr, Ps, Py andPy; are partial pressures of the
mercaptan, the following first-order equation was ob- €actant, mercaptan in the feed, water and oxygenated
tained: intermediates, respectively, akg, Ks, Ky andKp;,
are the corresponding adsorption constants. Combin-
—In(1 - Xppo) = kcg (E) —k <£) ing this equation with the mass conservation equation
F 0 for BF, as well as some rearrangements and integra-
where Xupo is the conversion of BF to the deoxy- tion, the following relationship was obtained:
genated producti:,g is the initial reactant concentra- I < P ) w
—In| —— | = Khyd ( >

tion, w is the weight of the catalyst arfdis the flow F
rate. Similarly, the following equation was derived for

-In(1 -X)

40

Fig. 25. Plot of—In(1—X) vs. W/Q for HDO of BF: (A) 340°C;
(B) 325°C; (C) 310C (€3=0.15M) [50].

”
khyd Pr

HYD of BF to 2,3-dihydroBF ana-ethylphenol: where Pr 0=Pr+Pw+P1+P2+P3, i.e., the sum of
Lw partial pressure of BF and oxygenated intermediates
—-In(1—-Xy) =k (f) (Fig. 6), knyd is the HYD rate constang is the inlet

] . molar flow rate of BF andV is the weight of cata-
whereXy is the BF conversion to the hydrogenated |yst in the packed bed. An essentially linear correla-
product. Below 533K, only 2,3-dihydroBF and tion petween InPr/Pr.0) andWIF was obtained. An

o-ethylphenol were detected. Appreciable amounts of analogous equation for HDO would have the follow-
deoxygenated products were detected above 583 K-ing form:

The apparent first-order plot for the HDO of BF is
shown in Fig. 25. Similar treatment of the HDO of < Pox ) k <W)
= KHDO

o-ethylphenol in the absence of BF resulted in a large ProO F
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Fig. 26. Plot of Pox/Pr.0)? vs. WIF for HDO of BF [36].

wherePoy=Pr+P1+P>+P3. Experimental datainthe  ference between the experimental conditions of these
form —In(Pox/Pr,0) versusW/F showed that the ob-  studies is emphasized. First of all, the reactant con-
served HDO does not follow first-order kinetics above centration of the former was much higher than that
623 K and high space times. Thus, an increade,ép used by Lee and Ollis [50], indicating a more exten-
with decreasingPox suggests a self-inhibiting effect sive self-inhibition by the reactant. Also, the ratio of
of the oxygenated compounds. A zero-order model BF to sulphur agent was about 20 times greater in the
examined by Edelman et al. [36] was also rejected. study conducted by Edelman et al. [36]. ThenSHn
Subsequently, these authors examined the following excess of that required to maintain catalyst in a sul-

model: phided form inhibited the HDO reactions [48].
—d(Pox/ Pr,0) . k(Pox/ Pr,0) Table 6
d(W/F) {1+ K(Pox/PR,O)}Z Rate constants for hydrogenation and HDO of BF

After a simplification, this equation was integrated to Temperature (K)  knyax10” (/sg cat)  kndox 107 (s g cat)
yield

Edelman et al. [36]

2 573 10.2 0.5

Pox \" _ 1 — 2kndo W 623 28.8 5.0

PRO F 673 46.7 14.0
Lee and Ollis [50}

A plot of (Pox/PRr.0)? versusW/F, shown in Fig. 26, i ~ 30
appears linear for the<(1)-order model. An apparent 598 _ 6:5
HDO activation energy estimated from these values —; - -
kJ/mol Knyd: pseud_o—flrst—orderkhdoz (71)—‘0rder; concentratlon of
was 106 ) . BF: 0.6 mol/l; NiMo/Al,O3; 0.3 mol of dimethyl sulphide.
The rate constants estimated by Edelman etal. [36] by, pseudo-first-order; concentration of BF: 0.15molll;
and Lee and Ollis [50] are compared in Table 6. Dif- CoMo/Al,03; 0.0075 mol of mercaptan.
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The detailed evaluation of the HDO kinetics of 100 T T '

DBF was conducted by Krishnamurthy et al. [57].
They used differential equations for an isothermal
batch reactor, assuming,Ho be in excess. These
equations were integrated with respect to the time
for various time intervals. The rate constants were
determined by minimizing the sum of squares of
a weighted error using the integrated solution. The
effects of K pressure, temperature and initial DBF
concentration on the rate constants were determined.
The rate constants estimated by these authors for sev-
eral steps occurring during the HDO of DBF show
that conversion to single-ring products was the fastest
step. The kinetic study of LaVopa and Satterfield
[59], conducted in a continuous system, confirmed the
formation of single-ring products as the main route
during the HDO of DBF as well. This involved forma-
tion of oxygenated intermediates which were rapidly
converted to single-ring products. In the presence of
the sulphided NiMo/AJOs catalyst, the reaction was
first-order in B and DBF; however, for the oxidic
catalyst, the reaction was zero-order with respect to 01 1 L L
DBF. These authors used the least-square regression 0 200 400 600
to fit first-order rate constants to the data. The rate SPACE TIME.(HR)(G-CAT)/MOL OF DBF
equation was of the following form:

10

PERCENT OF INITIAL DBF REMAINING

Fig. 27. Effect of temperature on rate constant for HDO of DBF

di1-x) [59].

wherex is the DBF conversiork the first-order rate Single-Ring
constant (mol/h g cat), the space time (hg cat/mol Products
DBF). The effect of temperature on the rate constants

determined in this study is shown in Fig. 27. The 0.0563

activation energy estimated from these results was /

67 kJ/mol compared to 68.4 and 76.2 kJ/mol estimated

by Krishnamurthy et al. [57] for the conversion of

DBF to biphenyl and cyclohexylbenzene, respectively.

Girgis and Gates [75] determined the rate constants 0.00225

for the simplified network shown in Fig. 28. They (:FO—,O EEE—— O—O
also confirmed the formation of single-ring products

as the main route during the HDO of DBF. The rate

constants obtained by these authors are compared

with those obtained by LaVopa and Satterfield [59] 0.00676

in Table 7. A significantly greater reactant concen- \

tration used by these authors may be at least partly

responsible for the difference. Also, in their study, the

presence of S inhibited HDO reactions as was indi- O_O
cated by a rapid increase in the HDO conversion after

H>S removal from the system. As expected, the HDO Fig. 28. Simplified mechanism for HDO of DBF [75].
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Table 7

Rate constants for HDO of DBF

Temperature (K) Kndox 10°

LaVopa and Satterfield [59]
623 4.8
633 6.5
648 8.3
663 10.7

Girgis and Gates [78]
623 18.1

a7 MPa; 0.245mol/l; 13.9kPa #$.
b 17 MPa; 0.0004 mol/l; 0.0001 mol/l 3,7-dimethylDBT.

of DBF was poisoned by N{[98] and quinoline
[471.

The difference in experimental conditions used in
various HDO studies prevents direct comparison of

the rate constants. To overcome this problem, Girgis

Table 9
Pseudo-first-order rate constants for HDO of DBF (l/g cet@)
[75]

Single compound

Single-ring products 16.0

Biphenyl 0.6

Phenylcyclohexyl 1.9
In mixture A (single-ring products)

with 5,6,7,8-tetrahydronaphthol 5.8

without 5,6,7,8-tetrahydronaphthol 13.0
In neutral oil

DBF disappearance 7.4

actor [18,21,50,51,60,62—-64,80] and in a batch reactor
[68,71,73,100]. Sulphided commercial CoMo8k
and NiMo/AlL,O3 catalysts were the most frequently
used catalysts.

The batch reactor study conducted by Gevert et al.

and Gates [75] expressed rate constants relative to thaf68] focussed on the HDO of 2-, 4- and 2,6-substituted

of the most rapid reaction in the overall HDO mech-
anism of DBF to compare their results with those ob-
tained by Krishnamurthy et al. [57]. The results in

phenols. The simplified reaction network used is
shown in Fig. 29. The following equations to re-
late mole fractions of the phenol${), aromatics

Table 8 show a good agreement between the two stud-(Xg) and cyclohexanecylohexene Xc), with the
ies. The comparison became a challenge when kinetic pseudo-first-order rate constants, were derived:

data was obtained for a single compound in a mixture
with other heterocyclics and aromatics. Gates et al.

[7,60,99] studied the HDO of DBF in the mixture con-

taining pyrene, phenanthrene, fluoranthene and DBT and

with and without 5,6,7,8-tetrahydro-1-naphthol as well
as that in a neutral oil fraction which was isolated from

a CDL. The obtained pseudo-first-order rate constants

k1
Xg = 1-X
B k1+k2( A)
Xc = -2 Xg

1

are compared in Table 9 together with that obtained The pseudo-first-order rate constants were calculated

for a single DBF [75].

5.2. Phenols

Kinetic studies on the HDO of single phenols or
mixtures of phenols were conducted in a trickle bed re-

Table 8
Relative values of the pseudo-first-order rate constants
Reaction Reference

[75] [57]
DBF=single-ring compounds 1.0 1.0
DBF=-cyclohexylbenzene 0.11 0.07
DBF=-bilphenyl 0.04 0.03

from the following equation:

dXg
5 W
dra vy~ W
) @ (8)
1
é .
ko k3
cna\ l
(A) *
CH CH

3
(C)

3

Fig. 29. Simplified mechanism for HDO of 4-methylphenol [68].
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Table 10 ol
Pseudo-first-order rate constants for HDO methyl phenols over
sulphided CoMo/AdO3 at 573K
Phenok-Poison ki (/g cats<x10?) ko (/g cats<10P)
Ref. [68] T .~
4-MP 4.0 0.9
4-MP? 6.5 1.3
2-MP 21 0.3
2,4-diMP 2.5 0.3 2r
2,6-diMP 0.5 0.2
2,4,6-triMP 0.8 0.1
4-MP+NH3 (8.5 0.8 0.1 =z
4-MP+NH3 (43) 0.2 0.03 - Cir
4-MP+H;S (36) 0.5 0.8
4-MP+H,S (72) 0.2 0.6
Ref. [79] ne
Phenot 11
(Ref. [50]; continuous system)
2-EtP 11
3-MP 16 -5+
@]nitial concentration 70 mmol/l, all other runs 142 mmol/l.
P Numbers in brackets indicate concentration of poison in
mmol/l. . . l | .
CExtrapolated from Arrhenius plots. 1600 1700 1800 1900 2000

The initial slope of the curve for conversion Versus g 30 Arrhenius plots foks (O), ks (A), 3,5-dimethylphenol
f(t/V) allowed calculation ok;. In this equationy is (O,2) and 2,6-dimethylphenol@®,A) [100].
the volume of the feed at time The ky could then
be obtained in conjunction with the above equations.
The obtained rate constants are summarized in Tablereactor system. The single compound experiments
10 including constants obtained in the presence of showed thatp-methylphenol was much more reac-
NH3 and HS. The poisoning effect on the overall tive than o-ethylphenol, i.e., less than 13% of the
HDO is quite evident. The rate constants increased former's conversion. The HDO op-methylphenol
with decreasing concentration of substrate, indicating was inhibited byo-ethylphenol. As expected, NH
a self-inhibiting effect of the latter on its HDO. In  severely poisoned the HDO reactions, wherea®H
the subsequent study, Gevert et al. [100] conducted ahad little effect. HS had a much more pronounced
detailed comparison of the 3,5- and 2,6-dimethyl phe- effect on the hydrogenolysis reactions than on the
nols. For the formerk; was about 10 times greater HYD reactions. The effect of these agents on HDO
than that for 2,6-dimethylphenol, whereas fhy, over a CoMo/AbOs catalyst differed from that over
the difference was much less evident. The Arrhenius an NiMo/Al,O3 catalyst (Table 11), e.g., for the
plots in Fig. 30 show that the activation energies for latter, thekmcn/ktoL was significantly greater than
hydrogenolysis were greater than for the HYD of that for the CoMo/A}O3 catalyst. Laurent and Del-
ring. For 2,6-dimethylphenol, HYD increased rela- mon [101] expanded their study to include highCH
tive to hydrogenolysis with increasing temperature, pressure conditions with the aim of simulating the
whereas an opposite trend was observed for the HDO occurring during high pressure liquefaction of
3,5-dimethylphenol. biomass. Thus, the #0 and HBS vapor pressure was
Laurent and Delmon [71] conducted a detailed 2.5 and 0.1 MPa, respectively, of the total pressure
study on the effect ob-ethylphenol, NH, H>S and of 7 MPa. It should be noted that thes® saturation
H>O on the HDO of p-methylphenol in a batch  pressure under the conditions used by these authors
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Table 11
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Pseudo-first-order rate constants for HDO of 4-methylphenol in
the presence ob-ethylphenol, HO, NH3 and HS [71F

Agent Rate constantl(®
CoMo NiMo
kmcH  kroo  kmcn  kroL

o-Ethylphenol (moll/l)

0 2.5 29 13.6 0.7

0.145 1.3 1.2 7.2 0.4

0.434 0.8 0.7 3.6 0.2
H2O (mol/l)

0 0.9 1.0 4.2 0.2

0.65 1.1 0.8 4.3 0.2

1.96 1.1 0.7 3.2 0.2
NHz (mmol/l)

0 1.9 2.0 6.2 0.6

5 1.6 1.4 4.3 0.3

9 1.3 1.0 3.2 0.2

49 0.6 0.3 1.1 0.1
H2S (mmol/l)

0 0.7 3.7 5.3 0.5

17 0.8 2.0 5.3 0.3

49 0.9 1.0 4.2 0.2

98 1.0 0.7 3.9 0.2
H,0 (25 bar) 0.85 0.5
H,0+H,S (25 bar-1.1 bar) 1.37  0.06

2 Conditions: batch strirred reactor, 613K, 7 MPa of, Hlo-

decane solvent; 0.327 mol/l.

was 17 MPa. Table 11 indicates the poisoning effect

of H,O and a protective effect of 5.

Cho and Allen [79] used a batch reactor system to
study the HDO kinetics of chlorophenols and phenol
over a sulphided NiMo/AIO3 catalyst under similar
conditions as those used by Gevert et al. [68]. The
rate constants for the dechlorination were more than
two orders of magnitude greater than those for HDO,
suggesting that dechlorinated phenol played a key
role during the overall HDO of the chlorophenols. At

the same time, these authors estimated rate constants

for the HDO of the phenol. The pseudo-first-order
rate constant in Table 10 is the value which was

extrapolated from the constants estimated at lower
temperatures. Surprisingly, the kinetics of the phenol
attracted much less attention than that of the substi-
tuted phenols.

Odebunmi and Ollis [63] studied the HDO of cresols
in a trickle bed reactor over a sulphided CoMa/@}

catalyst. They observed approximately first-order
dependence on Hpressure and pseudo-first-order
behavior of the HDO conversion of cresols at a con-
stant H pressure. The rate constants were determined
from the plots, such as In{dX;) versus Py, and
In(1—Xc) versusW/F, respectively, whereX; is the
cresol conversion and the others are the commonly
known parameters. The rate constants estimated by
these authors were about two orders of magnitude
smaller than those estimated by Gevert et al. [68]
and Laurent and Delmon [71]. Apparently, the cat-
alyst in the study of Odebunmi and Ollis [61] was
already deactivated before the measurements were
taken in addition to different experimental systems
used. In subsequent studies, these authors estimated
the pseudo-first-order rate constant at 573K for the
HDO of m-cresols [64] and-ethylphenol [50] to be

in the range of those shown in Tables 10 and 11,
i.e., 1.6x107° and 1.1x10 °l/g cats, respectively.
Temperature can influence relative reactivities of
cresols. This is supported by the results in Fig. 31
[62] which show that, foo- andp-cresols, the differ-

/
s /
o
g 'l +/
\I
B 4
£ A
'
6 +
o
/
1 1 1
14 15 16
Q o-!
= (°K™")

Fig. 31. Arrhenius plots for@) o-cresol, () p-cresol and )
m-cresol [62].
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Fig. 32. Effect of inverse space velocity on HDO conversion of model compounds [20].

ence in reactivity decreases with increasing temper- dicates inhibition of HDO by other compounds. The
ature. Activation energies for the HDO of, m and rate constants in Table 12 were obtained at 623K,
p-cresols estimated from these results were 96, 113 compared to those in Tables 10 and 11 which were
and 156 kJ/mol, respectively, compared to 125 kJ/mol obtained at 573 K. Besides the different experimen-
for the phenol estimated in a batch reactor [79].

Gates et al. [7,20,21] conducted studies on the |, 15
HDO of phenols in mixtures isolated from a CDL  pseudo-first-order rate constants for disappearance in mixtures (l/g
over a sulphided NiMo/AIOs; catalyst. The very cats<10%)?2
weak acid and weak acid fractions contained only

. . : (21] (20]
low concentrations of sulphur and nitrogen and high ,
concentrations of the O-containing compounds, i.e., - Uré compound in cyclohexane

d 9.79 wt.%, respectively [16]. These fractions 2-Hydroxyphenylbenzene Lo
8.90 and 9. -70, p .y ol Weak acid fraction in cyclohexane
were used as 0.25wt.% solutions in cyclohexane. In 2-Hydroxyphenylbenzene 0.83 1.8
one study, the product analysis was performed using Methylphenylphenol 1.52 2.0
IR and GC-MS techniques [21], whereas in the other 4-Cyclohexylphenol 4.46 6.2
study, the GC-MS technique was used to identify >:©:7.8-Tetrahydro-1-naphthol 1.91 42
. Methyltetrahydronaphthol - 4.5

compounds and FID chromatography to determine piyeihyidinydroxyindan _ 4.6

their concentrations [20]. The results in Fig. 32 and 1-Naphthol - 5.4
Table 12 show that the method of analysis influences Phenolics in weak acids 1.56

the values. Comparison of the rate constants for pure ~ acgnditions: flow reactor; sulphided NiMo/gDs; cyclohex-
2-hydroxyphenylbenzene and that in the mixture in- ane solvent; 623K; 12 MPa.
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Table 13
Activation energies of reactions in Fig. 18 [73]

Reaction Activation energy (kJ/mol)

139£32
10G+23
44420
132+:38
7723

a s wN e

E. Furimsky/Applied Catalysis A: General 199 (2000) 147-190

stant for hydrogenolysis of diphenylether at 623K
and about 14 MPa pressure ob Hor CoMo/AloO3

and NiMo/Al,O3 catalysts, as well as the Mo/AD3
catalysts promoted by the group VIII metals. For the
three different CoMo/AIO3 catalysts, the rate con-
stant varied between>210~* and 4x10*l/g cats,
whereas that for an NiMo/AD3 catalyst was about
1x10*l/g cats. Apparently, in this study [82], phe-
nol was the primary product but was rapidly converted
to hydrocarbons. Thus, the rate constants approach

tal systems used, i.e., batch versus continuous, otherﬂ1at for an overall HDO. Artok et al. [80] observed

parameters may be responsible for the difference in

values. Of particular importance is the concentration
of reactant, which in the case of the Gevert et al. [68]
and Laurent and Delmon [101], was more than an

order of magnitude greater than that used by Gates

et al. [7,20,21], indicating a much lower degree of
self-inhibition. A higher H pressure used by the
latter authors may also contribute to the difference.
Kinetics of the HDO of naphthol were investi-
gated by Li et al. [73] over a sulphided NiMo/AD3

catalyst. The pseudo-first-order rate constants esti-

mated at 427K for all steps are shown in Fig. 18.
It is evident that, at this temperature, direct HDO of
naphthol is slower than ring HYD. However, above
550K, direct HDO exceeded HYD. This is supported
by the activation energies shown in Table 13. The

that, besides different product distribution (indicated
above), the HDO of dinaphthylether was much faster
than that of the diphenylether. They suggested that
the lower resonance stability of the phenoxy radicals
compared to that of the naphthoxy radicals was at
least partly responsible for the lower reactivity of the
diphenylether. Kirby et al. [70] compared XA with
dinaphthylether and found the former to be much less
reactive. However, the study was conducted in the
presence of a Co—Mo organometallic precursor rather
than a typical hydroprocessing catalyst.

5.4. Bio-oil compounds

The detailed study on the kinetics of bio-oil related

pseudo-first-order rate constants for the disappearancemodel compounds was published by Laurent and Del-

of the naphthol and 5,6,7,8-tetrahydro-1-naphthol
shown in Table 12 were estimated for a diluted acidic
fraction derived from a CDL. Based on this data, it
is suggested that the HDO reactivity of naphthol is
similar to that ofm- and p-substituted phenols.

5.3. Ethers

The pseudo-first-order rate constants (l/s g cat) for
the disappearance of ANI, estimated by Hurff and
Klein [102] over a sulphided CoMo/ADs catalyst at
523, 548 and 598 K, were 0.0763073, 0.603x 1073
and 2.781073, respectively. However, phenol was
the major product. Then, the HDO of phenol will
govern the overall HDO of ANI. In this temperature
range, a value for the activation energy of 124 kJ/mol
was obtained. Dibenzylether and benzodioxan (sul-
phided NiMo/ALO3, 648K and 6.9MPa) were
much more reactive tham-ethylphenol [51]. Shabtai
et al. [82] determined the pseudo-first-order rate con-

mon [83,91]. The work was conducted in a batch re-
actor from 523 to 573 K and anzressure of 7 MPa
in the presence of commercial CoMofdl; and
NiMo/Al 203 catalysts kept in a sulphided form. The
conversion data was fitted to the following first-order
kinetic equation:

—InX,- = kWt

whereX; is the ratio of the concentration of the re-
actant in the sampleC{) to the concentration of the
reactant in the initial sampleCP), k is the pseudo
first-order rate constant (mitg catl), W is the
weight of catalyst antlis the time. Pseudo-first-order
logarithmic plots for 4MA, DES and GUA are shown
in Fig. 33. In most cases, the experimental data did not
follow pseudo first-order over the whole conversion
range, i.e., only the first points were used in the de-
termination of the rate constants. Deviation from the
first-order kinetics occurred at high conversions. Fast
and slow conversion ranges were observed for GUA.
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Fig. 33. Typical pseudo-first-order plot for conversion of (4MA
®) (DES O) and (GUA A) [90].

This resulted from a rapid coke deposition during the

early stages of the experiments. It was established that

reactants with two O-containing substituents in the

benzene ring form coke with greater ease than those

with one O-containing substituent [84,102]. The ex-

periments were performed for pure compounds in the

presence and the absence ofH H,S and NH. The

results obtained by these authors at 553K are shown

in Table 14. The reactivity of 4MA is significantly

greater than that of DES and GUA, suggesting a high

reactivity of ketones under hydroprocessing condi-
tions. This agrees with the results on the HDO of

Table 14

Pseudo-first-order rate constants for the HDO of
4-methylacetophenone (4MA), di-ethyldecanedioate (DES) and
guaiacol (GUA}

Rate constant (mint g cat!x10%)

kama  koes  keua
NiMo
Reactant (R) 548 7.6 4.2
R+0.85mol/l HO 50.1 6.3 4.0
R-+16 mmol/l NHs  47.7 1.8 3.2
R+96 mmol/l NHs  59.0 1.0 1.3
R-+49 mmol/l bS 54.8 7.6 4.2
R+98 mmol/l bS  45.7 8.9 4.8
CoMo
Reactant (R) 578 6.1 3.3
R+0.85mol/l O 51.0 5.2 3.2
R+14mmol/l NH;  52.3 2.2 2.2
R-+95mmol/l NH;  46.1 1.5 1.5
R+49mmol/l bS 57.8 6.1 3.3
R+98mmol/l bS 58.1 6.8 3.7

aT=553K, 7MPa, 25 mmol/l of C5[90].
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anthrone published by Kirby et al. [70], who observed
O removal even under non-catalytic conditions. The
values ofkgma in Table 14 are in good agreement
with those determined by Durand et al. [103] for
six ketones including benzophenone. In addition, the
rate constants for HDO of adamantanol and diphenyl
methanol, determined by these authors, were an or-
der of magnitude greater than those for the HDO of
ketones. The high reactivity of the ketone group may
be the reason for the little poisoning observed in the
presence of Nkl during HDO of 4MA, compared to
the severe poisoning of the HDO of DES and GUA.
The values ofkpes and kgua (Table 14) indicate a
higher activity of the NiMo/AyOs compared to the
CoMo/Al>O3; however, the differences are small. The
rate constants in Table 14 are for the disappearance
of the reactants. Thus, only 4MA was completely
converted to hydrocarbons, whereas the DES and
GUA products still included O-containing species.
Evaluation of ethyl EDEC and DEC under the same
conditions revealed that their conversion to hydrocar-
bons was greater than that of DES. This suggests that
the hydrogen consumption and/or its availability in-
fluences the overall HDO reaction. Delmon et al. [91]
expanded their work to include unsupported CoMoS
and that supported og-Al>03, SiO; and carbon, as
well as y-Al,O3 alone. The pseudo-first-order rate
constants for the reactant disappearance in Table 15
were obtained at 553K and 7 MPa ob HThese re-
sults, together with those shown in Table 16, suggest
that the structure of catalysts and their acidity have
an effect on both the mechanism and the kinetics, as
is evidenced by the difference in decarboxylation of
DES and the phenol/CAT ratio from the GUA reac-
tion. The y-Al2,O3 support exhibited some activity
as well. Other aspects of the effect of the catalyst
structure will be discussed later in the review.

Using a batch reactor system, Hurff and Klein [102]
compared the kinetics of the disappearance of GUA
and ANI over a sulphided CoMo/AD3 catalyst be-
tween 523 and 623 K and 3.5 MPa of.H he reactant
concentration (in hexadecane) was about 0.03 mol/l.
The pseudo-first-order rate constant for GUA disap-
pearance was about 30 times greater than that for
ANI, suggesting that the electronic enhancement of
the ortho-hydroxy substituent is more significant than
any steric hindrance it may cause. However, Breden-
berg et al. [86], while studying the same reactants
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Table 15
Pseudo-first-order rate constants for disappearance of 4-MA, DES and GUA and % DES decarboxylation and GUA phenol/CAT and coke
on catalyst after reaction [91]

Catalyst Rate constant (éfming cat) Coke (wt.%)
Kama kpes % Decarboxylation kaua Phenol/CAT

Y-Al203 0.15 0.32 nil 0.35 ~0 10.4

CoMo/Al,03 9.69 0.70 36 1.30 12.6 9.0

CoMo/Si& 197 0.17 nil 0.28 2.0 2.7

CoMoC 7.79 0.83 22 0.22 89.3 -

CoMoS 0.82 0.77 nil 0.39 8.0 2.9

in a continuous system in the presence of a typi- latter factor is important when catalyst deactivation af-
cal hydrocracking catalyst, i.e., NiMo/S}&l 03, fects the reaction. Other parameters includepies-
observed ANI to be more reactive. In this case, the sure, type and form of catalyst, experimental system
reactants (45 mol%) were mixed with benzene. It is etc. In the case of multi-reactant systems, estimates of
assumed that, in the case of GUA, the higher acidity activation energies for HDO will be affected by HDS
of the support compared to that §fAl,O3 caused and HDN. Nevertheless, in some cases, an agreement
rapid catalyst deactivation. Also, a rather different among several workers is quite remarkable. Activa-
presulphiding procedure was used by these authors.tion energies may indicate change in relative reactivi-
Nevertheless, in spite of the differences, the product ties with the temperature change. For example, results
distribution was similar in both studies. These two obtained by Odebunmi and Ollis [62] suggest that the
studies may be used to illustrate the effect of different reactivity ofp-cresol will increase relative to that of
experimental conditions on the final results, although and m-cresol with increasing temperature. However,
with respect to HDO, they have only a limited value as Fig. 31 shows, in the temperature region which is
because only the reactant disappearance was followedtypical of hydroprocessing, their relative reactivities
i.e., phenols were the main products. will not change. The values estimated by Li et al. [73]
The activation energies reported in several studies represent another example of how activation energy
are summarized in Table 17, as well as in Table 18, for can be used to predict the change of the overall HDO
bio-oil related compounds. Differences for the same mechanism (Fig. 18) with the change of temperature.
reaction from different workers are attributed to exper-
imental conditions which varied from study to study.
For example, for single-compound estimates, the same6. HDO reactivities of O-containing compounds
reactant concentration was not always used, indicating
a different extent of self-inhibition. Also, temperature Relative HDO reactivities of the O-containing com-
regions and the time on stream when the estimatespounds were discussed by Landau [104] and Afonso
were made varied. As the results in Table 18 show, the et al. [26], who pointed out complexities in estab-
lishing a true order. For the purpose of this discus-
sion, reactivity is defined as the overall conversion of

Table 16 an O-compound to a hydrocarbon rather than to an
Acidity of fresh catalysts and their coke content after reaction [91] O-containing intermediate. Grange et al. [105] used
Acidity (peq NHs/g) Coke (wt.%) the iso-reactivity, i.e., the temperature at which a sig-
y-Al;03 359 10.4 nificant identical yalug of conversion (to hydrocar—'
CoMo/Al,O3 522 9.0 bons) can be attained in the presence of a commercial
CoMo/Al0/K 456 10.0 hydroprocessing CoMo/ADz catalyst. The reactiv-
CoMoSiC, 113 2.7 ity trends established from these values are shown in
ggmg ]r;lc} 20 Table 19. They pointed out that aliphatic ethers and al-

cohols are even more reactive than ketones. Bohringer
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Table 17
Summary of activation energés
Reaction Catalyst Activation energy (kJ/mol) Reference
BF—2,3-DihydroBF NiMo 75 [36]
BF—2,3-DihydroBF CoMo 79 [36]
BF— Hydrocarbons NiMo 104 [36]
BF— Hydrocarbons CoMo 138 [36]
BF— Hydrocarbons CoMo 138 [50]
DBF—Hydrocarbons NiMo 67 [59]
DBF— Biphenyl NiMo 68 [57]
DBF— Cyclohexylbenzyl NiMo 76 [57]
DBF— Single-ring hydrocarbons NiMo 97 [57]
Phenol>Hydrocarbons NiMo 126 [79]
o-Cresol>Hydrocarbons CoMo 96 [62]
m-Cresol>Hydrocarbons CoMo 113 [62]
m-Cresol>Hydrocarbons CoMo 83 [63]
m-Cresol>Hydrocarbons CoMo 121 [64]
p-Cresol>Hydrocarbons CoMo 108 [64]
p-Cresol>Hydrocarbons CoMo 154 [62]
2,6-DimethylphencehHydrocarbons CoMo 124 [100]
3,5-Dimethylphencek-Hydrocarbons CoMo 122 [100]
o-Ethylphenol>Hydrocarbons CoMo 71 [50]
o-PhenylphenchBiphenyl NiMo 86 [57]
o-Phenylphenehk Cyclohexylbenzene NiMo 71 [57]
o-Cyclohexylphenck Bicyclohexyl NiMo 74 [57]
o-Cyclohexylphenahk Cyclohexylbenzene NiMo 118 [57]
Reactions in Fig. CoMo [73]

1 139

2 100

3 44

4 132

5 77
DPE— Phenol-hydrocarbons Mos
DPE+DHP— Phenok-hydrocarbons 55 [80]
DPE+DEC— Phenol-hydrocarbons 42 [80]
DPE alone>Pheno#-hydrocarbons 112 [80]
DPE— Phenol-hydrocarbons CoMo 148 [81]

aDPE: diphenylether; DHP: dihydrophenanthrene; DEC: decalin.

and Schultz [106] introduced thieoyc parameter, de-  in which the rate constants are expressed differ from
fined as the temperature at which 50% conversion to study to study. In some cases, the units do not take
O-free products was achieved. into consideration the reactant concentration (e.g.: I/g
The overall HDO conversions and the rate constants catt and/or g/g cat), although a self-inhibiting effect

determined during the kinetic measurements are suit- of some reactants on their HDO is well documented.
able parameters for determining relative HDO reac- Most of the results on the HDO of the bio-oils are
tivities. However, differences in experimental condi- based on reactant disappearance rather than complete
tions prevent a direct comparison of the data obtained HDO. Thus, the stabilizing step is the primary objec-
by different workers. The results in Tables 17 and 18 tive, assuming that complete HDO will be achieved
show that activation energies for the HDO of indi- during the next step. The importance of catalyst struc-
vidual reactants vary, suggesting that the relative re- ture on the relative HDO reactivities was recognized.
activities will change with temperature. Also, units Unless stated otherwise, the following general discus-
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Table 18

Summary of activation energies for bio-oil compounds

Reaction Catalyst Activation energy (kJ/mol) Reference
GUA— Disappearanée CoMo 58 [83]
GUA— Disappearande CoMo 111 [83]
GUA— Disappearanée NiMo 71 [83]
GUA— Disappearande NiMo 112 [83]
GUA—CAT CoMo 105 [81]
Catechol>Phenol CoMo 122 [81]
4-MA— Methylethylbenzene CoMo 50 [83]
4-MA— Methylethylbenzene NiMo 73 [83]
DES— Disappearance NiMo 104 [83]
DES— Disappearance CoMo 108 [83]
ANI— Disappearance CoMo 124 [102]

2|nitial conversion.
b Middle conversion.

sion assumes HDO in the presence of sulphided con-

ventional CoMo/AbO3 and/or NiMo/AbO3 catalysts

at temperatures, Hpressures and other conditions,
which are typical of hydroprocessing operations. It is
noted that the NiMo/AlO3 catalyst was found to be
more acidic than the CoMo/ADs catalyst [107], i.e.,
the former has a higher cracking activity. Therefore,
the type of catalyst used was always identified with
the kinetic data in the preceding section.

one may only speculate that 2,5-dialkyl furan will still
be more reactive than the unsubstituted BF. Unsub-
stituted furan can be excluded from these considera-
tions. Thus, it is unlikely that furan will be present in
feeds to be hydroprocessed because of its high volatil-
ity (bp~304 K). Uncertainties exist regarding the re-
activity of BF, as indicated by the different values of
the rate constants in Table 6. In this case, the differ-
ent reactant concentrations used by different workers

Based on thermochemical considerations, the reac- are the most probable contributor. Thus, Lee and OI-

tivity of the unsubstituted furanic rings will decrease
in the following order: furan>BF>DBF. The experi-

mental data obtained under similar conditions, which
would confirm the same order, is lacking. Further,
alkyl substitution of the furanic ring will change its

reactivity. For example, in the case of furan, substitu-
tion in 2,5-positions will decrease the reactivity due to

lis [50] showed that, at 598 K, the rate constant de-
creased by half when the BF concentration increased
from 0.15 to 0.25mol/l. Yet, in the study of Edel-

man et al. [36], the reactant concentration was about
0.60 mol/l. In addition, the BiS concentration could

approach 0.3 mol/l. Apparently, the sulphur concen-
tration in feeds exceeding an optimal level is a cause

steric effects. However, experimental data showing the of the inhibition of HDO sites by BS [53].

extent of the activity decrease is not available. Thus,

Table 19
Relative reactivities of O-compounds and/or groups [105]

Activation
energy (kJ/mol)

Temperature of
iso-reactivity (K)

Ketone 476 12
Carboxylic 556 26
Methoxyphenol 574 27
4-Methylphenol 613 34
2-Ethylphenol 640 36
DBF 690 34

In the study published by Béhringer and Schultz
[106], the reactivity of unsubstituted BF and DBF
was determined under the same conditions. They
observed that the temperature at which 50% HDO
was achieved was about 55K higher for DBF than
for BF. This was supported by the result published
by Dolce et al. [108]. Girgis and Gates [60] showed
that the ratio of the reactivity of DBT/DBF estimated
from the overall conversion in a mixture with aro-
matics was about 12. However, when N-compounds
and 5,6,7,8-tetrahydronaphthol were added, the ratio
decreased to 3.6. In a neutral oil, this ratio was about
8 [97]. Using empirical rate constants for pure
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compounds obtained by Lee and Ollis [53], a DBT/BF (Table 11), determined by Laurent and Delmon [71],
value of 8.9 was obtained compared to about 3.0 for is in the same range as that in Table 10. In an-
equimolar concentrations (0.15mol/l) of the com- other batch reactor study [65], a little difference be-
pounds. The value of 12 obtained for DBT/DBF by tweenm- andp-methylphenol was observed, whereas
Girgis and Gates [60] confirms a lower reactivity of o-methylphenol was the least reactive. However, the
DBF compared to BF. However, the reactant con- concentration of the reactants in hexadecane ap-
centrations and compositions of the mixtures were proached 60mol%. Also, naphthalene was present
different. The DBT/BF and DBT/DBF ratio esti- and could interfere with the HDO. An important
mated from conversions observed by Rollman [61] batch study on the HDO of phenols was conducted by
for a mixture of compounds was 3.6 and 9.0, respec- Weigold [67] over a sulphided CoMo/AD3 catalyst.
tively, indicating a lower reactivity of DBF than BF.  The results of this study (Table 20) are in qualitative
Thus, all evidence suggests that, over conventional agreement with other studies, although they were ob-
hydroprocessing catalysts, the reactivity of the unsub- tained during the HDO of pure phenols. Thus, in this
stituted BF is greater than that of DBF when single case, alarge self-inhibiting effect on HDO was present
compounds are considered. without any doubts. The usual order of reactivity, i.e.,

For a novel catalyst, such as M, Abe and Bell m-methylphenolp-methylphenol®-methylphenol,
[55] obtained a DBT/BF ratio of 0.9, in agreement was established by Odebunmi and Ollis [62] in a
with the results published by Ramanathan and Oyama continuous system. A low reactivity of the phenol
[52]. However, the latter authors reported that, in the compared to the substituted phenols is indicated
case of VN, the DBT/BF ratio was less than 0.1, indi- by Weigold [67]. The results in Table 20 indicate
cating a superior HDO activity of the VN catalyst in a similar reactivity of the former as that of some
comparison with the commercial NiMo/#D3 cata- o-substituted phenols, but much lower than that of
lyst. In the case of a V-Mo—O-N catalyst, the ratio of o-cresol. Brendenberg et al. [86] observed that, at
0.8 was observed [109]. Therefore, the type and form 598 K over an NiMo/AbO3.SiOy, the overall HDO
of the catalyst has to be considered when comparing of the phenol was about 17% compared to about
HDO reactivities of the O-compounds. It is obvious 26% for the disappearance ofcresol. However, in
that a set of experiments still has to be designed andthe latter case, phenol accounted for about 50% of
completed before the HDO reactivity of BF can be di- the product. The results in Table 10 show that the
rectly compared with that of DBF. The situation will pseudo-first-order rate constant for the HDO of the
become more complex when alkyl substituted BF and phenol is less than that af-cresol. In the former
DBF will be compared. Nevertheless, the addition of case, the value was extrapolated from a low temper-
an aromatic ring to a furanic ring will decrease the ature region. It is noted that solid experimental data
reactivity of the compound, suggesting that a true re-
activity order will be similar to that established on the
basis of thermochemical considerations. The ring sub- \T(?t}:je 20f ic mvdrocarh . Henol ohided

H e o aromatic rocarbons from enols (su lae
stituted compounds of BF and DBF have not yet been CoMOlALO,. 873 K) [6;’] P (sulp
studied. If the observation made by Gates and Topsge

[110] for sulphur analogs such as DBT applies also Substrate Product Yield (wt.%)
for DBF, the alkylation of the latter, particularly in  phenol Benzene 8
4- and 4,6-positions, would significantly diminish its o-Cresol Toluene 19
HDO reactivity. m-Cresol Toluene 48
The database on the HDO reactivity of phenols is gf_rgisr;"ethylphenol ;?J;IZEZ 4253
much more extensive than that on the furanic rings. 3 s pimethylphenol  m-Xylene 21
The results in Table 10 [68] indicate the following or- 2 3-Dimethylphenol  o-Xylene 13
der of reactivities of the methyl substituted phenpls:  2,4-Dimethylphenol ~ m-Xylene 7
methylphenol®-methylphenol>2,4-dimethylphenol>  2.5-Dimethylphenol  p-Xylene 10

2,3,5-Trimethylphenol  1,2,4-Trimethylbenzene 17

2,6 -dimethylphenot 2, 4, 6 - trimethylphenol.  The o Ethylphenol Ethylbenzene 1

pseudo-first-order rate constant fprmethylphenol
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determining the reactivity of phenol relative to that
of substituted phenols is still lacking. Based on this
information, it is proposed that the reactivity of phe-
nol is similar to that ofo-substituted phenols. The
adverse effect obrtho-substitution on the HDO rate

is supported also by the results obtained by Gates
et al. [7,20,21], shown in Table 12. This study is
one of the few involving ring substituents other than
methyl. Also, these authors showed that, in a weak
acid fraction, 4-cyclohexylphenol was more reactive
than both 1-naphthol and 5,6,7,8-tetrahydronaphthol,
although the difference was small. An estimate of
the rate constant for HDO of DBF in the neutral oil
[98] gave a much lower value than that for naphthol.
A similar estimate for BF is not available, raising
some uncertainty in its reactivity relative to that of
naphthol. However, a study of the HDO of BF in an
equimolar mixture with DBT [53] showed that the
HDS of the latter was two to three times faster than
the HDO of BF. The relative HDS/HDO reactivity
ratio of DBT andmmethylphenol, estimated under
the same conditions, were also between 2 and 3 [63],
indicating a similar overall HDO reactivity of BF and
m-methylphenol in equimolar mixtures (0.15 mol/l)
with DBT. In agreement with other observations,
o-ethylphenol was less reactive thamethylphenol.
Laurent and Delmon [71] showed thatethylphenol
was much less reactive thgmmethylphenol. As the
results in Fig. 34 showp-ethylphenol was more re-
active than BF [51]. Apparently, this is the most con-
vincing experimental evidence on the basis of which

one may conclude that even the least reactive phenols,

i.e., o-substituted phenols, are more reactive than un-
substituted BF when the overall HDO is considered.
A high HDO reactivity of ethers containing the
CaL—0O bond was indicated by Satterfield and Yang
[51]. Kirby et al. [70] observed dinaphthylether to
be more reactive than XA. However, in both cases,
O-containing products were still present, particularly
in the case of XA, i.e., 2-cyclohexylmethylphenol ac-
counted for about half of the products. Nagai et al.
[111] estimated the rate constants for the HDO of XA
and the HDS of BT and DBT. The ratio of the rate
constants, i.e., DBT/XA and BT/XA, is 0.64 and 0.90,
respectively. However, the product distribution from
the HDO of XA was not given. Thus, OH-containing
intermediates, i.eg-substituted phenol, may still have
been present and as such govern the overall HDO.
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Fig. 34. Relative HDO reactivities for BF ar@ethylphenol alone
and in the presence of quinoline (Q) aoekethylaniline (OEA)
[51].

Petrocelli and Klein [81] observed similar rates for
the overall HDO and conversion pfsubstituted phe-
nols to hydrocarbons as those for diphenylether to
phenol and benzene. Therefore, with respect to the
overall HDO, the diphenylether is considered to be
less reactive thap-substituted phenols. Moreau et al.
[112] compared the HDO of diphenylether with un-
substituted phenol, at 613K and 7 MPa o$ dver
NiMo/Al ;03 catalyst, and observed the latter to be
about five times more reactive than diphenylether.
Based on the above discussion, the following ten-
tative order of the HDO reactivity of O-containing
groups can be established: alcohols>ketones>alkyl-
ethers>carboxylic acidam andp-phenolsznaphthol>
phenol > diarylethers: o - phenols-alkylfurans>BFs>
DBFs. There is little uncertainty in the order between
alcohols up to carboxylic acids, even in the case of
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complex mixtures. It is obvious that, in the same order,
the amount of H required to remove an O-containing
group will be the largest for carboxylic acids, as-
suming its HYD to methyl group. This suggests that
factors such as the catalyst activity, hydrogen avail-
ability, interaction with the catalyst surface etc. will
be most important for carboxylic groups. In other
words, the HDO reactivity of the carboxylic acids will
be affected by the catalyst type and its deactivation to

a greater extent than that of the more reactive groups.

This is supported by the observation made by Lau-
rent and Delmon [88] who reported that, under the
same conditions, most of the DES was converted to

O-compounds (monoester and acid), whereas most of

the EDEC and DEC were converted to hydrocarbons,

although the disappearance of the diester was much

179
Table 21
Product distribution (mol%) from reaction of GUA [86]
Temperature (K) 548 598
Conversion (%)
Methylcyclohexane <0.1 1.1
Cyclohexane <0.1 0.3
Cyclohexene <0.1 0.5
Benzene <0.1 0.5
Toluene <0.1 0.6
Phenol 30.9 53.5
Anisol 1.0 2.1
o-Cresol 3.2 9.4
m-Cresol 2.4 7.3
p-Cresol 0.8 1.6
Pyrocatechol 61.4 8.7

faster. Based on the observation made by Ledoux several phenols in the investigated mixture. Based on

and Djellouli [107], the NiMo/ApOs catalyst is more
active for cracking than the CoMo/#D3 catalyst,
suggesting that the former will be more active for
decarboxylation. However, the difference in activity
may not be large enough to change the relative or-
der of reactivities. There is some uncertainty in the

the kinetic analysis published by Laurent and Delmon
[83,90], the following tentative order of the reactiv-
ity, defined as disappearance of the model compounds,
can be established: AMADES>GUA>>ANI. Based

on the results in Table 14, the reactivity of GUA and
DES is considered to be similar. The rate of disap-

above order about where to place arylethers becausepearance of substituted GUAs (e.g., 4-methylGUA,

of their lesser sensitivity to the availability of,Hor
their overall HDO. Thus, at 673K and 12.5MPa of
H>, phenols and carboxylic acids exhibited a similar
reactivity [26]. Phenols are intermediates during the
HDO of arylethers. It is believed that wher ldvail-
ability becomes a factor, e.g., at a certain level of
catalyst deactivation, the overall HDO of carboxylic
acids may be slower than that of the phenols.
Studies on the HDO of bio-oils related compounds
focussed mainly on the stabilization stage, i.e., only

euginol and vanillin) was compared by Petrocelli and
Klein [81]. The differences in the pseudo-first-order
rate constants for disappearance of these compounds
indicate a similar reactivity for conversion to pheno-
lic compounds and coke. The relative reactivity of the
GUA and ANl is based on the results obtained by Hurf
and Klein [102] rather than that of Bedenberg et al.
[86], because in the latter case, a typical hydrocracking
catalyst was used. In the case of the DES and 4MA,
hydrocarbon products accounted for about 50 and al-

the disappearance of the reactant was followed. As most 100%, respectively. The pseudo-first-order rate

the results in Table 21 show [86], phenols accounted
for most of the disappeared GUA, in agreement with
the results published by Laurent and Delmon [83].

constants for the disappearance of EDEC and DEC
at 553K over an NiMo/AJOs catalyst were in the
range of that for DES (Table 14), i.e., %102 and

Then, second stage treatment is required to complete4.6x10~3 (min—1g cat), respectively. However, the

the HDO. Little attention was paid to the HDO of the

yield of hydrocarbons was much greater than that for

stabilized liquids. However, the established database DES, indicating a larger overall HDO of EDEC and

on the HDO of phenols may be a basis for deducing
information on the overall HDO reactivity of stabi-
lized liquids, particularly if the phenols distribution
in these liquids is known. Thus, while studying the
HDO of a mixture of phenols, Li et al. [21] suggested
that the overall HDO may be followed using one rate

DEC than that of DES.

The available information on bio-oils related reac-
tants allows some speculation on the overall HDO re-
activities, i.e., assuming that the experiment would be
performed in one stage to achieve a near complete
HDO. In such a case, the overall HDO reactivities of

constant obtained as an average of the constants forEDEC and DEC are greater than that of DES because
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of the greater conversion to hydrocarbons under the cessing of a coal-derived feed published by Yoshimura
same conditions. The overall HDO reactivity of the et al. [113]. However, an excess of sulphur may have
GUA is lower than that of DES because, in the case of an adverse effect on the overall HDO [53].

the former, phenols are the predominant primary prod- Interactions of the furanic rings with the catalyst
ucts. In the former case, the HDO of hydroxyphenol surface are being frequently explained in relation to
and phenol will determine the overall HDO. Laurent similar interactions of thiophenic rings. In fact, the
et al. [82] showed that the conversion of the former generally accepted definition of the active site is based
to phenol is much faster than the conversion of phe- on evidence gathered during the HDS of the latter.
nol to hydrocarbons, suggesting that the latter reaction Also, a mutual inhibition of HDS by O-compounds
will determine the overall HDO, similar to the case of and that of HDO by S-compounds, observed by Ode-

ANI [102]. Then, with respect to overall HDO, GUAs
will be less reactive than-phenols. A direct compar-
ison of the HDO of furanic rings with GUAs would
be required to determine the relative overall HDO re-
activities. It is noted that this discussion is based on
data obtained below 573 K. It is established that the
HDO of phenols gains in importance with increasing
temperature. This effect may change and/or diminish
the relative HDO reactivities of the reactants. Other
experimental parameters, e.g., contact timg akil-
ability etc., may be equally important.

7. Interaction of O-compounds with catalyst
surface during HDO

The coordinatively unsaturated sites (CUS), or sul-

bunmi and Ollis [63], indicates a competitive adsorp-
tion at the same sites. In other words, the form and the
geometry of the HDS sites and HDO sites are similar.
This was also supported by the results of Yamamoto
et al. [114], who observed that catalyst deactivation by
coke had the same adverse effect on HDS and HDO.
It is believed that, when a hydroaromatic hydrogen is
involved, this similarity will remain unchanged dur-
ing both HDS and HDO. Laurent and Delmon [71]
speculated that the active site in C—O hydrogenolysis
could be based on an ensemble of coordinatively un-
saturated Mo atoms and the HYD sites on one triply
unsaturated Mo atom. TheoB concentration influ-
ences the balance between these two types of sites.
This speculation was in accordance with interpreta-
tions of the adsorption of dienes and thiophenic rings
on MoS, published by Kasztelan et al. [115] and

phur anion vacancies, which are located at the edgesOkamoto et al. [116], respectively. Girgis and Gates

of Mo$S; slabs supported op-Al,03, are believed to
be the sites for catalytic reactions during hydropro-

cessing. These sites can adsorb molecules with un-

paired electrons such as NO, hlHand pyridine, i.e.,

[60] discussed the interaction of DBF in relation to
that of DBT. They proposed that, in the latter case, the
interaction occurs through the bonding of€; bond

at an anion vacancy. This makes electron distribution

they have a Lewis acid character. The vacancies canaround the sulphur more deficient. This promotes ring
consist of a significant fraction of the edge sulphur interaction with a surface sulphide anion. For furanic
atoms. Double and even multiple vacancy centers canrings, similar electron distribution changes occur to
be present. The presence of Co and Ni does not af-a lesser extent because oxygen is much less polariz-
fect the basic slab size of the MaSThe Co or Ni able than sulphur. This will weaken the adsorption of
does not appreciably increase the number of vacan-furanic rings on the catalyst surface. Thus, a higher
cies. However, the vacancies associated with Co or H, pressure is required to achieve HDO conversion
Ni are considerably more active than those associatedof DBF, similar to the HDS conversion of DBT.

with the Mo$S alone. The vacancy concentration is
thought to be a function of fHHand HS concentration.
Then, the presence of @ and O-containing com-

In the case of BF, at least one adsorption mode may
involve a bond via the &-C3 bond at the HYD site.
This would yield 2,3-dihydroBF as an intermediate

pounds in the feed can change the catalyst structure, aswvhich will be subsequently converted to ethylphenol.
well as the geometry of the vacancy if an unsufficient Direct oxygen extrusion from BF (yielding styrene)
amount of S-donating species is present in the feed. may be favored byr-bonded adsorption via an oxy-
This was confirmed in the study on the deactivation gen atom at the hydrogenolysis site. This is difficult to
of sulphided NiMo/AbOj3 catalysts during hydropro-  confirm experimentally because of the rapid removal
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of the styrene product. Similarly, in the case of DBF, to a greater proportion of hydrogenolysis sites on the
direct oxygen extrusion yielding non-hydrogenated latter compared to that on the NiMo/AD3 catalyst.
products can arise frora-bonded adsorption via an  Kallury et al. [92] attributed the difference between
oxygen heteroatom. After the ring opening, the oxygen the reaction paths of-dihydroxy benzene and that
may still remain attached to the active site presumably of m andp-dihydroxybenzenes to different modes of
as part of an OH group. Then, a non-hydrogenated adsorption on the catalyst surface. Thus, in the case
product is released after OH elimination. The fully of o-dihydroxybenzene, the O-O distance is similar
and/or partially hydrogenated products arise from as the Mo—Mo distance.
m-bonded adsorption of the aromatic rings with the  Interaction of bio-oil compounds with catalysts is
HYD sites. In this case, adsorption of the reactant less documented. In this regard, studies published by
has to compete with that of Hat the same site. Itis  Delmon et al. [71,83,90,91,103] represent the most
believed that such adsorption is more favorable for valuable source of information. They include 4MA,
the formation of single-ring products during the HDO DES and GUA as well as $#D, which may be formed
of DBF than that fromr-bonded adsorption. in large quantities. Special attention was paid to the
The involvement of two distinct sites, i.e., one hy- effects of HS and HO on the catalyst activity as well
drogenolysis and the other HYD site, is being used [117].
to interpret the HDO of phenols. The former yields In the case of 4MA, a small conversion to
the parent aromatic as a primary product, whereas themethylethyl benzene occurred even in the absence
HYD sites give cycloalkanes, presumably via an alco- of catalysts [83]. The CoMo catalyst supported on
hol and/or ketone which cannot be detected becausey-Al,03 and/or carbon was much more active than
of rapid disappearance. These two routes arise from unsupported CoMoS and that supported on,Sithis
different reactant adsorption on the catalyst surface. is evidenced by théumea in Table 15. The differ-
While studying the HDO of phenols over sulphided ence was attributed to a more efficient dispersion of
CoMo/Al,O3 catalysts, Gevert et al. [68] proposed MoS, on supports such agAl,03 and carbon. This

that the aromatic product can arise frarrbonding implies that the active sites for these reactions are
adsorption through the oxygen atom, whereas the situated on metal sulphides. This is supported by the
hydrogenated product arose from-bonding ad- absence of any poisoning effect of Nidn the HDO

sorption through the benzene ring. The former is of 4AMA. Apparently, the carbonyl group is adsorbed
affected by 2,6-dialkyl substitution. Thus, Gevert via its w-electrons. Two tentative routes were pro-
et al. [100] showed that a triple anion vacancy site posed. The first mode is based on the adsorption of
is required for ac-bonding of 2,6-dimethylphenol, the carbonyl carbon on a nucleophilic sulphur atom.
compared to a double vacancy site required for that The reaction then proceeds via addition of a proton
of 3,5-dimethylphenol. In the case atbonding, the to negative oxygen, and subsequently, the addition
surface dimensions of both reactants were the same;of a hydrogen atom to carbon. The second tentative
therefore, steric effects cannot explain temperature mechanism proposed by Delmon et al. [90] involves
effects on HYD k) shown in Fig. 30. Gevert et al.  reaction of the carbonyl group with an activated mo-
[100] suggested that differences in delocalized res- bile hydridic species, so-called hydrogen spillover.
onance effects arising from the position of methyl The interaction of cyclohexanone with the surface of
groups influenced the HYD route. The involvement Ni3S; proposed by Olivas et al. [118] is shown in Fig.
of two distinct sites was supported by the strongly 35. They suggested that a similar interaction with SH
inhibiting effect of S on the path, giving aromatic  groups attached to Mo may occur as well.

products while hardly affecting the path yielding the In the case of the DES, except for the potassium
hydrogenated product [68]. This observation is in modified catalyst, ally-Al,O3z-supported catalysts
agreement with the results published by Laurent and had the highest decarboxylation and de-esterification
Delmon [71] for CoMo/AbOs catalysts. However,  activities, whereas Si©supported catalysts had a
these authors observed that the inhibiting effect of negligible decarboxylation activity but relatively im-
H>S on the NiMo/AbOs catalyst differed fromthaton  portant de-esterification activity. Carbon-supported
CoMo/Al;O3 catalyst. The difference was attributed catalyst had a moderate decarboxylation activity and
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Fig. 35. Adsorption mode of phenol at 38, [118].

a low de-esterification activity. Thus, the most active

catalysts were those with the highest surface acidity,

suggesting its role during decarboxylation reactions.
It was proposed that decarboxylation may involve
an addition of a proton to one of the oxygens of
the carboxylic group, followed by elimination of the
latter. They-Al,O3 alone had no activity for decar-
boxylation and HYD, but exhibited some activity for
de-esterification. Apparently-Al,O3 is able to add
OH groups to electrophilic carbons [119]. The unsup-
ported CoMoS had no activity for decarboxylation.
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tivity for demethylation as that of the catalyst. The
strong poisoning by NK suggests that Lewis acids
on y-Al,0O3 may be catalytic sites for demethylation.
The subsequent reaction sequence involving the con-
version of CAT to phenol and finally to benzene re-
quired the presence of a catalyst. This sequence was
inhibited by HS, in a manner similar to the inhibi-
tion of the HDO route of phenols leading to alkylben-
zenes. Then, catalytic sites for the demethylation may
be associated with the support, whereas those for de-
hydroxylation are associated with the metal sulphides
in a similar manner as discussed in the case of phe-
nols. Bredenberg et al. [86] proposed that demethy-
lation can occur on both support and metal sulphides
involving different mechanisms, i.e., homolytic split-
ting on metal sulphides and a heterolytic scission on
the support. Also, these authors proposed the forma-
tion of a strong bond between the phenolic hydroxy
groups and basic OH groups on the support as the rea-
son for the lower reactivity of GUA compared to ANI.

8. HDO of real feeds

Extensive information on the hydroprocessing of
real feeds can be found in the literature. However, be-

Based on these facts, Delmon et al. [91] concluded that cause most of the attention has been paid to HDS,

active sites for decarboxylation could correspond to
metal sulphides bound tg-Al 203, presumably Bron-
sted acid sites. This is supported by a strong inhibition
of decarboxylation reactions by NH90] and potas-
sium (Table 14). The decarboxylation was poisoned
by NH;z to a greater extent than HYD, suggesting a
difference in the acidity of the sites involved. The$
had a beneficial effect on decarboxylation and HYD,
especially for the NiMo/AdOs catalyst. It is suggested
that HS facilitated SH groups which are considered
to be a source of protons [120]. This could be more ev-
idence for proton participation during DES reactions.
Comparison of the results in Tables 15 and 16, par-
ticularly a low coke formation on unsupported as well
as on carbon- and Sisupported catalysts compared
with the y-Al>,03 supported catalysts, shows that the
acidity was involved both in the conversion of GUA
to CAT and phenol, as well as to coke. The first step
in the reaction of GUA involving demethylation was
not inhibited by HO and S, but strongly inhibited
by NHs. At 573 K, y-Al,03 alone had about half ac-

HDN, HDM, HYD and hydrocracking, the content of
oxygen and the type of O-containing compounds in
the feeds and products are not even reported. In a few
studies, the O content is reported but it was determined
by the difference rather than direct analysis. Also, it is
not clear whether all precautions were taken to avoid
contact of the feeds and products with air. Then, the
autoxidation of hydrocarbons could affect the deter-
mination of the overall HDO. Moreover, part of the
H>O formed on HDO may remain dissolved in the
products, and as such affect the overall HDO determi-
nation, indicating a need for drying the products prior
to the analysis. It is not always clear from the pub-
lished studies that these and other relevant issues were
addressed. This suggests that studies in which the con-
tent of O-containing compounds and/or groups in the
feeds and products were determined provide a reliable
source of information on the extent of HDO. Studies
on single model compounds and mixtures of model
compounds indicated the presence of self-inhibition,
inhibition and poisoning effects. It was shown earlier
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that an accurate account of these effects can only beof real feeds involved a gas oil derived from heavy oil
obtained for single reactants and simple mixtures. In by thermal hydrocracking. The content of S, N and O
the case of real feeds, these effects are rather complexn the feed was 3.69, 0.39 and 0.44 wt.%, respectively.
and only some general trends may be established fromThe work was performed at 673K over a sulphided
the relative removal of heteroatoms. All available in- CoMo/Al,O3 catalyst and Kl pressure of 13.7 MPa
formation shows that HDS is much greater than HDN [121]. In this case, the O content was determined
and HDO. However, the relative rates of HDN and by neutron activation analysis and acid numbers by

HDO are not clearly established.

KOH titration. The increase in the acid number with

On account of a low O content, little information is  increasing Mo content of the catalyst, in Fig. 36, was
available on the HDO of fractions derived from con- attributed to the conversion of neutral BFs to acidic
ventional crudes. One of the first studies on the HDO phenols. This study was expanded to include simul-
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Fig. 36. Effect of Mo@ content on O removal (1a) and acid No. (1b) during HDO of gas oil [121].
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12 MPa H pressure. The content of S, N and O in

the feed was 0.4, 2.2 and 3.0 wt.%, respectively. The
taneous removal of S, N and O [122]. A summary results from this study are shown in Fig. 38. The or-
of these results is given in Fig. 37. Based on these der of heteroatom removal agrees with that for gas oil
results, the following order of the relative removal of [122], i.e., HDS>HDN>HDO. However, with respect
heteroatoms was established: HDS>HDN>HDO. It to the absolute amount of the heteroatom removed,
was proposed that the greater strength of tae-OH HDN and HDO were similar. Yoshimura et al. [124]
bond, compared to that of theaR—NH, bond, may used a sulphided NiMo/AD3 catalyst for upgrading
be responsible for the lower HDO than HDN. Thus, a hexane-soluble oil obtained from a CDL in a batch
the high temperature and the high idressure used reactor at 673K. The content of S, N and O was
would favor a rapid heteroring opening, suggesting 0.27, 0.61 and 2.8 wt.%, respectively. In this case, the
that aromatic amines and phenols may have governedoverall HDO conversion was slightly greater than the
the overall HDN and HDO, respectively. HDN conversion, although the absolute amount of O

HDO is among the key reactions occurring during removed was significantly greater than that of N. How-

the upgrading of CDLs. In this regard, an extensive ever, HDN was affected by catalyst deactivation to a
evaluation was undertaken by Gates et al. [16—-20]. It much greater extent than HDO. In qualitative terms,
is noted that, in these studies, the feeds were diluted these results agree with those published by Sato [125],
in a solvent. The effect of temperature on upgrading who observed that DBFs accounted for most of the
a SRC distillate (bp 503-728K) was investigated O-containing compounds in the products, confirming
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Table 22 . -
Activation energies (kJ/mol) for HDN, HDS and HDO of 2‘1{2 (f)] ggxp;ggef SZIZE/J\H;) ((;fDé_ NCO;r;Egl?)m?esigpze(lE{)i\r/)g&/
coal-derived feed [126] : . ) ) _ )
between 548 and 673K and 4.7 MPa of.HRelative
Feed Catalyst Enon ~ Ewos  Ewoo activities of these sulphides for HDS, HDN and HDO
lllinois 6 Co-Mo 49 31 48 are shown in Fig. 39. It is evident that Ru&xhibited
llinois 6 Ni-W 50 36 35 the highest activity for HDN followed by HDS and
:;IIIZ((:)II(STehunder N(':_O'\f&o 423 425 3?9 HDO, whereas for the other sulphides, the following
Black Thunder NiW 40 a1 20 order was established; HDS>HDO>HDN. Song et al.

[128] used several NiMo catalysts of similar chem-
ical composition but different mean pore diameter
their low reactivity. Perhaps, the most detailed study and identified pore size ranges which are optimal for
on the relative removal of heteroatoms from CDLs HDO of heavy feed derived from coal.

was published by Davis et al. [126], who used two Hydroprocessing of the feeds derived from various
naphtha samples derived from lllinois 6 and Black oil shales was reviewed in detail by Landau [104], who
Thunder coals. The activation energies obtained be- established the following order for overall heteroatom
tween 493 and 673 K are shown in Table 22. In every removal: HDS>HDO>HDN. This is supported by
case, HDS was greater than HDN and HDO. However, the results published by Holmes and Thomas [129].
among five cases involving different combinations of These authors hydroprocessed the crude obtained
catalyst and naphtha, in one case HDN>HDO, two from Paraho oil shale over a sulphided NiMo@k
cases HDN*HDO and for two cases HDO>HDN. catalyst at about 673 K. The feed contained 0.7, 2.0
These results [126] can be used to illustrate the effectsand 2.2wt.% of S, O and N, respectively. In this case,
of catalyst type and feed origin on the relative removal almost complete removal of S was achieved, whereas
of heteroatoms. In the subsequent study, Davis et al. that of O and N was 95 and 80%, respectively. Under
[127] used the second row transition metal sulphides similar conditions, Afonso et al. [26] obtained about
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Fig. 39. Simultaneous HDI), HDN (A) and HDO @) of coal-derived naphtha over metal sulfides [127].
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87 wt.% removal of O, whereas S and N were not
analyzed. Although the information is limited, it is

evident that the relative rates of heteroatom removal
from oil shale-derived feeds differ from those estab-
lished above. This is not surprising when the type and
amount of O- and N-containing compounds in the
feeds are taken into consideration. Thus, it was re-

ported that the least reactive O-compounds in Rundle

oil shale were phenolics (not heterocyclics), whereas

the least reactive N-compounds were heterocyclics

[25,130]. In such a case, the removal of O will be

easier than that of N because phenols are much more

reactive than furans.

The conditions employed during the upgrading of
bio-oils depend on their origin. Thus, a review of the
processes [29] indicates a wide range of liquid prod-
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Fig. 40. Oxygen content as function of time [135].

CoMo/Al,O3 catalyst at about 673 K was achieved.

uct compositions, although the processes can be di-In this case, the O was almost completely removed
vided into two general groups, i.e., high pressure lig- from the feed. However, two upgrading stages were
uefaction and pyrolysis. In the latter case, the liquids required for the pyrolysis oil. The first stage could
have a higher O content and are less stable than thosebe performed below 573 K because of rapid catalyst
derived by high pressure liquefaction. Primary prod- deactivation at higher temperatures. The second stage
ucts from liquefaction may require pretreatment, such was conducted at 626 K. The O content was decreased
as extraction and/or desalting prior to their upgrading from 52.6 wt.% to 32.7 and 2.3wt.% in the first and
step. However, as indicated by Goudriaan and Pefer- second stages, respectively. Churin et al. [141] stud-
oen [131], substantial HDO conversion of such lig- ied upgrading of the bio-oil produced by pyrolysis of
uids can be achieved in one stage. In most cases, HDSwastes from the olive oil industry. The feed contained

and HDN play a minor role during the upgrading be-
cause of a very low content of S and N (usually less
than 0.1wt.%) in the bio-oils. More than 95% O re-
moval from a high pressure wood liquefaction prod-
uct, containing about 15wt.% O, was achieved over a
sulphided CoMo/AJO3 catalyst at 573 K [132]. Using
the same bio-oil, Gevert et al. [133] studied the effect
of pore diameter of a sulphided CoMo/)3 catalyst

on the overall HDO. Continuous catalyst deactivation
was observed during hydroprocessing of bio-oil from

15.3 and 3.3wt.% of O and N, respectively. In spite
of relatively low O content, two stages were required
for upgrading. In the first stage, which was performed
at 573K and 12 MPa of | about 64 and 24% of O
and N, respectively, was removed over a CoMefd
catalyst, whereas about 69 and 58% of O and N, re-
spectively, was removed over an NiMoj@s cata-
lyst. The upgrading was completed at 673 K. Rocha
et al. [142] evaluated a two-stage process involving
hydropyrolysis of cellulose in the first stage, followed

liquefaction [134]. However, as is shown in Fig. 40 by hydroprocessing of the primary products still in
[135], after the same feed was desalted, the deactiva-a vapor phase, in the second stage. Thepkessure
tion was only observed during the initial stages, fol- varied between between 0.5 and 10 MPa. In this case,
lowed by steady-state HDO. The best performance wasthe fixed bed of a presulphided NiMo/AD3 cata-
achieved at 623 K for the catalyst with narrow pores. lyst was above the pyrolysis zone. The O content of
Conditions, which are typical of cracking, i.e., near the liquids after one- and two-stage processing was
atmospheric pressure and zeolite type catalysts, werel9 and 9 wt.%, respectively. Polymerization occurring
also used for the upgrading of the bio-oils from lique- during the upgrading of bio-oil from vacuum pyrolysis
faction [136-138]. A detailed account of the upgrad- was reported by Gagnon and Kaliaguine [143]. Thus,
ing of bio-oils from pyrolysis and liquefaction was a molecular weight increase of the product was ob-
given by Elliott and Baker [139,140]. A substantial served already during pretreatment over an Ra0Al
upgrading of a liquefaction bio-oil over a sulphided catalyst at 353K and 4.2 MPa of;HPolymerization
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was more evident during the subsequent upgrading in of the latter is now understood to the point that the

the presence of an NiWO/ADs catalyst at 598 K and
about 18 MPa of K, although significant O removal
was achieved.

Apparently, the chemical composition of the feed
is one of the factors determining the relative re-
moval of S, N and O during hydroprocessing. In
fact, it may change the generally accepted order, i.e.,
HDS>HDO>HDN. For example, if in a feed, the least
reactive O-compounds (DBFs) are predominant, to-
gether with more reactive N-compounds (quinolines),
the overall HDN may be greater than the overall
HDO [106,144]. Carbazoles appear to be the least

production of commercial fuels can be undertaken,
providing that the economics are favorable. Much
less information is available on the HDO of the oll
shale-derived feeds, particularly, the presence of the
carboxylic groups-containing compounds, which are
resistant to HDO, requires additional attention. With
respect to HDO, the most complex feeds are those
derived from biomass. In this regard, in recent years,
the hydroprocessing of bio-oils has been receiving
most of the attention.

Some uncertainties in establishing the order of the
relative HDO reactivities of the O-compounds and/or

reactive N-compounds [106]. However, their boiling groups of the compounds still exist. In most cases, the
point is significantly greater than that of DBFs, sug- results published by different authors were obtained
gesting that the occurrence of the latter together with under the different experimental conditions. This pre-
more volatile quinolines in the same feed is possible. vents direct comparison of the results. Even for a sin-
Catalysts can have a significant effect on the relative gle O-compound, reactivity is influenced by the type
heteroatom removal. The study conducted in the pres- of solvent used and the reactant concentration because

ence of an in-situ produced MgSpublished by Ting

of the self-inhibiting effects. Complications arise when

et al. [145], represents one extreme. In this case, thethe results obtained for single-model compounds are

following order was established: HB$DN>>>HDO.
Another extreme is the study in which HDO was

compared with those obtained for the same compounds
in the various mixtures because of the mutual inhibit-

about 10 times greater than HDS in the presence of aing and poisoning effects. The activation energies for
VN catalyst [52]. some model compounds indicate that their relative re-
activities may change with temperature. The type of
catalyst is another factor influencing the relative HDO
reactivities. It appears that differences in the relative
HDO reactivities reported by different authors can be

A wealth of information on the origin of O- rationalized by thoroughly evaluating the experimen-
compounds in various feeds has been established.tal parameters used. Significant efforts would be re-
The HDO of a wide range of feeds consisting of the quired to obtain additional database for establishing a
single model O-compounds, their mixtures with S- more accurate order of the relative HDO reactivities.

9. Conclusions

and N-compounds as well as real feeds have beenin view of others priorities in the catalysis research, it

studied under different experimental conditions. The
mechanism of the single O-compounds can now be
described accurately including their self-inhibiting
effects, as well as the inhibiting and poisoning effects
of S- and N-compounds, respectively. The effect of
the O-compounds on HDS and HDN has been stud-
ied as well. Information is available on the effect of
the main HDO product, such as8 on the catalyst
surface, including its effect on the overall HDO, HDS
and HDN.

The complexity of HDO depends on the feed ori-
gin. HDO plays a minor role during the hydroprocess-
ing of conventional crudes, whereas its role during
that of the CDLs is rather major. Hydroprocessing

is not certain whether it would be worthwhile to un-
dertake such a task.

It is generally accepted that the relative removal
of heteroatoms during hydroprocessing occurs in the
following order: HDS>HDO>HDN. This is true for
the feeds in which analogous S-, O- and N-containing
compounds predominate. However, a different order,
e.g., HDS>HDN>HDO, was also observed and can
be explained by the presence of the least reactive
O-compounds (furanic rings) together with more re-
active N-compounds (quinolines) in the feed. Such a
situation is not unusual when boiling points of the sin-
gle O- and N-compounds are taken into consideration.
Thus, based on the boiling points, a naphtha and/or
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light gas oil could have a high content of DBFs and
quinolines and a low content of the carbazoles which
are the least reactive N-compounds. The type of cat-
alyst used can influence the relative heteroatom re-
moval as well. For example, novel catalysts, possess-
ing about 10 times higher activity for C—O bond (in
BF) hydrogenolysis than that for the C—S bond (BT)
hydrogenolysis have been tested.

The upgrading of bio-oils remains the primary area
of the current interests in HDO. It is believed that
breakthroughs in the catalyst development may be re-
quired to make this source of fuels more attractive.
Other than Mo, W based catalysts may be more suit-
able as it is already indicated by some preliminary in-
formation. For bio-oils from pyrolysis, an additional
(HYD) stage may be needed because of a high aro-
matics content of products after a two-stage upgrad-
ing. It is evident that a complete HDO is the main ob-
jective of the second upgrading stage conducted under
typical hydroprocessing conditions. It is believed that
the feed pretreatment (e.g., dewatering, desalting etc.)
prior to upgrading is not receiving adequate attention,
although it may slow down catalyst deactivation. The
production of fuels from bio-oils may be looked at
from another point of view. Thus, it may be at least a
partial answer to the environmental problems associ-
ated with the storage and disposal of biomass.

10. List of symbols

ANI Anisol

BF Benzofuran

BT Benzothiophene

CAT Catechol

CDL Coal-derived liquid
Cus Coordinatively unsaturated sites
DBF Dibenzofuran

DBT Dibenzothiophene
DEC Decanoic acid

DES Diethylsebacate
EDEC Ethyldecanoate

EDS Exxon donor solvent
GUA Guaiacol

HDM Hydrodemetallization
HDN Hydrodenitrogenation
HDO Hydrodeoxygenation
HYD Hydrogenation
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AMA 4-Methylacetophenone

SRC Solvent refined coal
XA Xanthene

THF Tetrahydrofuran
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