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Abstract
The competitive hydrogenation and hydrodeoxygenation (HDO) of dihydroxybenzene isomers, catechol (1,2-dihydroxyben-
zene), resorcinol (1,3-dihydroxybenzene) and hydroquinone (1,4-dihydroxybenzene), was studied in the liquid phase over a 
Rh/silica catalyst at 323 K and 3 barg hydrogen pressure. Under competitive hydrogenation conditions an order of reactivity 
of ortho > para > meta was observed. Catechol initially inhibited resorcinol and hydroquinone hydrogenation but not HDO 
suggesting separate sites for hydrogenation and HDO. When resorcinol and hydroquinone were reacted competitively, HDO 
became the favoured reaction. The data suggested that cyclohexane and cyclohexanone were primary products. At low 
dihydroxybenzene (DHB) conversion the ratio of HDO products was dependent upon DHB isomer. When all three DHB 
isomers were reacted together, initially 86% of the HDO yield came from catechol with the rest from hydroquinone. When 
resorcinol finally reacted, HDO products were produced first. Reaction of DHB isomers in pairs using deuterium instead 
of hydrogen revealed changes in kinetic isotope effect (KIE). The presence of competing reactants had a dramatic effect on 
the energetics of hydrogenation and HDO reactions of individual components, reinforcing the view that hydrogenation and 
HDO are mechanistically separate. This effect on reaction energetics observed when more than one substrate was present, 
highlights the limitations of studying one single model compound as a route to understanding the processes required for the 
upgrading of a true bio-oil feed.

Keywords Competitive hydrogenation · Hydrodeoxygenation · Rhodium/silica · Dihydroxybenzene · Deuterium

1 Introduction

The focus of this study is on the hydrogenation and hydro-
deoxygenation of components of bio-oil derived from lignin, 
specifically dihydroxybenzenes. When subjected to fast 
pyrolysis at 673–873 K in the absence of air, lignocellulosic 
biomass can be converted into a liquid bio-oil that contains 
over 300 individual compounds. Many of the compounds 
generated are oxygenates, however this increased oxygen 
content is the cause of many of the negative properties of 
bio-oil such as low heating value, corrosiveness, high vis-
cosity and instability. Typically substituted phenols are used 
as model compounds for bio-oil HDO [1–4] as this class of 

molecules are commonly produced in lignin decomposition 
[5]. In a previous study [6] the hydrogenation and hydrode-
oxygenation (HDO) of catechol, resorcinol and hydroqui-
none was reported. That study also highlighted that signifi-
cant HDO was possible at low temperatures (< 343 K). In 
this study competitive hydrogenation and low temperature 
HDO was examined. Studies of competitive hydrogena-
tion are still not common [7–10] and studies of competitive 
HDO even less so [11–13]. Nevertheless, it is important that 
competitive reactions are considered given that when lig-
nocellulosic biomass is converted into liquid bio-oil it can 
contain over 300 individual compounds. Separation prior to 
treatment is unfeasible and so catalytic systems will need 
to be developed that can operate in a competitive environ-
ment. To enable this, we must understand how reactions 
in a competitive environment affect each other. In recent 
studies of bio-oil HDO [14, 15] it was found that although 
the HDO reaction was still effective, there was a significant 
change in behaviour relative to single model compounds. 
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For example, with guaiacol as a single reactant the products 
were, with most catalysts, cyclohexane derivatives, whereas 
for guaiacol in bio-oil HDO the product was mostly aromatic 
in nature. Indeed, in general the hydrogenation functionality 
was significantly reduced in a competitive environment [14, 
15]. Therefore, having already thoroughly studied the single 
hydrogenation/HDO of the dihydroxybenzene isomers [6] 
we undertook to examine the competitive reactions in pairs 
and with all three isomers using hydrogen and deuterium to 
aid mechanistic understanding.

2  Experimental

The catalyst used throughout this study (2.5% Rh/silica, 
M01078) was supplied and characterised by Johnson Mat-
they plc. The catalyst was prepared by incipient-wetness 
using an aqueous rhodium chloride salt. The silica sup-
port was supplied by Davison Catalysts. The catalyst was 
dried overnight at 333 K and reduced in flowing hydrogen 
at 473 K for 2 h before being cooled and exposed to air. 
The BET surface area of the catalyst was 321  m2  g−1 with 
a pore size of 13.2 nm. The metal surface area (5.5  m2  g−1) 
was measured by hydrogen chemisorption (reproducibil-
ity ± 0.5  m2  g−1) giving a dispersion of 43%, from which 
an average metal crystallite size of 2.6 nm was calculated.

The hydrogenation reactions were performed in a 500  cm3 
Büchi autoclave reactor fitted with an oil heating jacket, 
which could control temperature to ± 0.5 K. The reaction 
temperature was measured in the liquid slurry with accu-
racy of ± 0.1 K by a sheathed thermocouple. The reactor was 
equipped with a variable speed stirrer connected to a mag-
netic drive that could be controlled to ± 5 rpm. The pressure 
and gas flow was controlled by a Büchi press-flow gas con-
troller with an accuracy of ± 0.01 barg and which measured 
the consumption of hydrogen or deuterium to 0.1 mmol. The 
experimental procedure involved the addition of the catalyst 
(100 mg Rh/SiO2) and 310  cm3 of 2-propanol (isopropyl 
alcohol, IPA), which had been degassed, into the reactor 
before the system was purged with argon. The catalyst was 
then reduced in situ at 343 K by sparging hydrogen gas 
(280  cm3  min−1) through the mixture for 0.5 h, whilst stir-
ring at 300 rpm. The hydrogen gas and stirrer were turned 
off once reduction was complete and the reactor purged 
twice with argon and pressurized to 1 barg. The reaction 
mixture was cooled to the desired temperature (303–343 K) 
and agitation stopped. Catechol (1,2-dihydroxybenzene, 
Sigma-Aldrich ≥ 99%), resorcinol (1,3-dihydroxybenzene, 
Sigma-Aldrich 99%) and hydroquinone (1,4-dihydroxyben-
zene, Sigma-Aldrich 99%) were added as mixtures (each 
reactant was 10 mmol) to the reactor in 25  cm3 IPA. This 
was followed by an IPA flush to ensure all reactants entered 
the reaction mixture, giving a total volume of 350  cm3. The 

solution was thoroughly mixed by stirring at 300 rpm for 
2 min before a sample (2.5  cm3) was withdrawn for analy-
sis. The system was purged with argon before being purged 
twice with hydrogen before increasing to the desired reac-
tion pressure (3 barg). The reaction was started by setting 
the stirrer speed to 1000 rpm and the reaction profile fol-
lowed by withdrawing samples of 2.5  cm3 over a 180 min for 
each reaction. For the first 30 min samples were taken every 
5 min, this was increased to every 10 and 20 min for the 
following 30 and 120 min respectively. The moles of hydro-
gen gas consumed during the reaction were also recorded. 
Mass balance was 100 ± 2%. The liquid samples were ana-
lysed using a Thermo Finnigan Focus gas chromatograph 
equipped with an FID detector and an AS 3000 autosampler. 
The column used was an HP-1701 (30 m × 0.25 mm × 1 µm 
film thickness). Standard tests were performed to ensure the 
absence of mass transport control.

3  Results

3.1  Hydrogen Reactions

The competitive hydrogenation of catechol, resorcinol and 
hydroquinone was investigated with compounds tested in 
pairs and with all three reactants present (Figs. 1, 2, 3, 4). 
Individual hydrogenation has been reported elsewhere [6]. 
The first order rate constants, including those from the indi-
vidual reactions, are reported in Table 1.

The competitive reaction of catechol and resorcinol 
resulted in a significant decrease in the rate of reaction 
for both isomers as shown in Fig. 1. Slight inhibition of 
resorcinol hydrogenation occurred with the formation of 
3-hydroxycyclohexanone and cis-1,3-cyclohexanediol 
delayed until 10 and 25 min respectively, whereas catechol 
reacted immediately. This is in marked contrast to individ-
ual hydrogenations where both dihydroxybenzene isomers 
formed hydrogenated products from the outset. The hydro-
genated products from catechol (~ 23% yield) were favoured 
over those from resorcinol (~ 12% yield).

The competitive hydrogenation of catechol and hydro-
quinone is shown in Fig. 2. As before, a substantial drop in 
overall reactivity occurred with both substrates. The inhi-
bition effect observed when resorcinol was reacted with 
catechol was apparent for hydroquinone when in competi-
tion with catechol; both major ring hydrogenated products, 
3-hydroxycyclohexanone and cis-1,3-cyclohexanediol, did 
not form until 10 and 15 min into the reaction respectively.

Of all pairs of substrates tested competitively, resorcinol 
and hydroquinone (Fig. 3) showed the greatest decrease in 
rate of reaction. In reaction with hydroquinone, the conver-
sion of resorcinol after 180 min was only 22%, in compari-
son resorcinol conversion was 40% after 180 min, when 
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reacted in the presence of catechol. Hydroquinone exhib-
ited a similar decrease in conversion suggesting competition 

for similar sites on the catalyst between hydroquinone and 
resorcinol.

Fig. 1  Competitive reaction of 
catechol and resorcinol. Condi-
tions: 323 K, 3 barg, 10 mmol 
of each reactant
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Fig. 2  Competitive reaction 
of catechol and hydroquinone. 
Conditions: 323 K, 3 barg, 
10 mmol of each reactant
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Fig. 3  Competitive reaction of 
hydroquinone and resorcinol. 
Conditions: 323 K, 3 barg, 
10 mmol of each reactant
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Fig. 4  Comparison of con-
version with time for single 
reactions and the competitive 
reaction when catechol, hydro-
quinone and resorcinol were all 
present. Conditions: 323 K, 3 
barg, concentration 10 mmol for 
each reactant. Individual data 
calculated from Ref. [6]
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Table 1  Competitive 
hydrogenation at 323 K, 3 barg 
hydrogen with 10 mmol of each 
reactant

a Data from Ref. [6]

Reactant First order rate constant, k  (min−1, ×  10−3)

Single  reactanta Catechol/
resorcinol

Catechol/hyd-
roquinone

Resorcinol/hyd-
roquinone

Catechol/resor-
cinol/hydroqui-
none

Catechol 8.3 5.2 6.7 – 3.8
Resorcinol 11.2 5.0 – 3.5 3.5
Hydroquinone 4.2 – 4.8 3.8 3.0
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A reaction with all three substrates present was carried 
out and a substantial reduction in rate was observed, as out-
lined in Fig. 4. The product distribution is shown in Fig. 5. It 
can be seen from the product yield that cis-1,2-cyclohexan-
ediol and 2-hydroxycyclohexanone, hydrogenated products 
from catechol, are formed to the greatest extent, emphasis-
ing the dominance of catechol in the competitive situation. 
As before, inhibition of the main hydrogenated products 
of hydroquinone and resorcinol occurs with the formation 
of 4-hydroxycyclohexanone and 3-hydroxycyclohexanone 
delayed until 10 and 40 min respectively.

The ratio of the HDO products was investigated to see 
if any further information could be gleaned. The data is 
shown in Table 2. When catechol and resorcinol are reacted 
together and when catechol and hydroquinone are reacted 
together, the HDO ratios are typical of that of catechol in 
the absence of a competing species. When resorcinol and 
hydroquinone are reacted competitively the HDO product 

ratio resembles that from hydroquinone, as does the ratio 
when all three dihydroxybenzene isomers are co-reacted.

4  Deuterium Reactions

The competitive reactions were repeated using deuterium 
instead of hydrogen to try to obtain some extra mechanistic 
information. The rate constants obtained from the reactions 
under deuterium, reported in Table 3, were compared with 
those under hydrogen and a kinetic isotope effect (KIE) cal-
culated. The reaction profiles of the four reactions are shown 
in Figs. 6, 7, 8 and 9.

The order of reactivity when the three isomers were hydro-
genated competitively under hydrogen was catechol > hyd-
roquinone > resorcinol. This order was maintained under 
deuterium but with catechol >> hydroquinone > resorcinol 

Fig. 5  Product distribution 
from competitive reaction of 
catechol, resorcinol and hyd-
roquinone. Conditions: 323 K, 
3 barg hydrogen and 10 mmol 
each reactant
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Table 2  Ratio of ODH products 
(cyclohexanone, cyclohexanol 
and cyclohexane) at 10% 
conversion of reactant

a Data from Ref. [6]

Reactant Ratio of ODH products

Cyclohexanone Cyclohexanol Cyclohexane

Catechola 1.3 1 1
Hydroquinonea 2.3 1.3 1
Resorcinola 3.3 1.8 1
Catechol/resorcinol 1.9 1 1
Catechol/hydroquinone 1.6 0.9 1
Hydroquinone/resorcinol 2.4 1.3 1
Catechol/hydroquinone/resorcinol 2.0 1.3 1
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reflecting the inverse KIE for catechol and positive KIEs for 
hydroquinone and resorcinol.

From Fig. 6 it can be seen that initially the only products 
are cis-1,2-cyclohexanediol, 2-hydroxycyclohexanone and 
cyclohexanone, all produced from catechol. After 10 min 
4-hydroxycyclohexanone is formed and by 15 min cyclohex-
ane and cis-1,4-cyclohexanediol are detected. It takes 40 min 
before trans-isomers are formed. Both catechol and hydro-
quinone exhibit positive KIEs with the rate under hydrogen 
faster than that under deuterium.

In the competitive reaction of catechol and resorcinol 
shown in Fig. 7, the initial products are 2-hydroxycy-
clohexanone and 3-hydroxycyclohexanone followed by 
cis-1,2-cyclohexanol. Subsequently trans-1,2-cyclohex-
anol, cis-1,3-cyclohexanol and cyclohexanone are all 
produced. However, it is 30 min before cyclohexane is 

detected and 40  min before trans-1,3-cyclohexanol is 
seen. This is a significant change from the behaviour under 
hydrogen.

The competitive reaction of hydroquinone and resorcinol 
under deuterium (Fig. 8) reveals that the initial products were 
4-hydroxycyclohexanone and cyclohexanone, both formed 
from hydroquinone. Subsequent products were cyclohexanol 
and 3-hydroxycyclohexanone, cis-1,4-cyclohexandiol was 
not detected until 15 min and it was 20 min before cyclohex-
ane and cis-1,3-cyclohexandiol were observed.

Figure 9 shows the effect of reacting all three dihy-
droxybenzenes simultaneously. The initial product was 
cyclohexanone followed by cis-1,2-dihydroxycyclohexanol 
and 2-hydroxycyclohexanone from catechol. Subsequently 

Table 3  First order rate 
constants for deuterium 
reactions and kinetic isotope 
effects (KIEs)

a C catechol, R resorcinol, H hydroquinone

Reaction First order rate constant (×  10−3 min) Kinetic isotope effect,  kH/kD

Catechol Hydroquinone Resorcinol

D2, C and  Ra 7.5 3.6 C = 0.7 R = 1.4
H2, C and R 5.2 5.0
D2, C and  Ha 5.9 3.9 C = 1.3 H = 1.2
H2, C and H 7.7 4.8
D2, H and R 3.6 3.6 H = 1.1 R = 1.0
H2, H and R 3.8 3.5
D2, C, H and R 4.4 2.8 2.2 C = 0.9 H = 1.3 R = 1.4
H2, C, H and R 3.8 3.5 3.0

Fig. 6  Competitive reaction 
of catechol and hydroquinone 
under  D2. Conditions: 323 K, 
3 barg  D2, 10 mmol of each 
reactant
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Fig. 7  Competitive reaction of 
catechol and resorcinol under 
 D2. Conditions: 323 K, 3 barg 
 D2, 10 mmol of each reactant
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Fig. 8  Competitive reaction of 
hydroquinone and resorcinol 
under  D2. Conditions: 323 K, 
3 barg  D2, 10 mmol of each 
reactant
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3- and 4-hydroxycyclohexanone were produced as was 
cyclohexanol, however it was 120 min before trans-1,4-cy-
clohexanol was detected and 160 min before trans-1,3-cy-
clohexanol was observed.

5  Discussion

To aid the discussion a reaction scheme for hydroquinone 
is presented in Fig. 10 (a similar scheme would apply to 
catechol and resorcinol). The competitive hydrogenation 
of catechol and resorcinol shows, as expected, a decrease 

in rate for both reactants relative to their single hydrogena-
tion. However, what was not expected was that the rate 
of reaction of resorcinol would be less that catechol. In 
single reactant tests, resorcinol was the most reactive of 
the three isomers [6]. Nevertheless, a similar result was 
observed with xylene isomers [16]. Meta-xylene was more 
reactive than ortho-xylene in single reagent tests but in 
a competitive environment ortho-xylene was much more 
active. This behaviour with the xylenes was interpreted in 
terms of strength of adsorption and a similar interpreta-
tion, with catechol more strongly adsorbed than resorcinol, 
could apply here. In the initial stages of reaction only 

Fig. 9  Competitive reaction 
of catechol, hydroquinone and 
resorcinol under  D2. Conditions: 
323 K, 3 barg  D2, 10 mmol of 
each reactant
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cyclohexane, cyclohexanol and cyclohexanone as well as 
2-hydroxycyclohexanone and cis-1,2-cyclohexandiol are 
formed: no 1,3-isomer products are detected. Neverthe-
less, mass balance analysis indicates that 83% of initial 
HDO products come from resorcinol, with only 17% from 
catechol. This is in keeping with the individual reactions, 
where resorcinol produced more HDO products than cat-
echol. However the ratio of cyclohexanone: cyclohexanol: 
cyclohexane from the competitive reaction, reported in 
Table 2, reflects the ratio observed from catechol rather 
than resorcinol; indicating that resorcinol HDO selectivity 
has been altered by the presence of catechol. Nevertheless, 
in the competitive reaction, HDO products are the primary 
products from resorcinol. Therefore, in the early stages 
of the competitive reaction, resorcinol can adsorb in the 
presence of catechol and undergo HDO but not discrete 
hydrogenation. This suggests that there are sites for HDO 
and sites for hydrogenation. It is only subsequently that 
production of 3-hydroxycyclohexanone is observed. It has 
been proposed that the formation of cis-1,3-cyclohexan-
diol and trans-1,3-cyclohexandiol is from 1,3-dihydroxy-
cyclohex-1-ene and 3-hydroxycyclohexanone respectively 
with 3-hydroxycyclohexanone hydrogenation involving 
desorption and re-adsorption [6] to account for the delay in 
production of the trans-isomer. However, in the competi-
tive environment, the production of both cis- and trans-
1,3-isomers was delayed suggesting that in the competitive 
system, hydrogenation of 1,3-dihydroxycyclohex-1-ene 
was initially slow relative to isomerisation to 3-hydrox-
ycyclohexanone and desorption. A similar pattern was 
observed between catechol and hydroquinone suggesting 
analogous chemistry with catechol being more strongly 
bound than hydroquinone on hydrogenation sites. This 
would be in keeping with the xylene study [16].

When hydroquinone and resorcinol were hydrogenated 
in competition to each other there was a marked change in 
the product distribution in that the hydrogenolysis products 
were significantly favoured over the hydrogenated products. 
Indeed, cyclohexanone and cyclohexanol were the major 
products of the reaction. This is in keeping with the reactions 
of the DHB isomers in a non-competitive environment but 
hydrogenolysis was enhanced in the competitive medium. 
In the initial stages of reaction, hydroquinone produced 
1,4-hydroxycyclohexanone and 88% of cyclohexanone. As 
the reaction progressed the amount of HDO products pro-
duced by each DHB isomer changed such that initially it 
was 7:1 in favour of hydroquinone over resorcinol but by 
the end of the reaction the ratio was 1:1, with each isomer 
producing equal amounts of HDO products. The selectivity 
to HDO products was ~ 63%. Under these conditions we have 
shown that cyclohexane, cyclohexanone and cyclohexanol 
are primary products. Cyclohexanone can be hydrogenated 
to cyclohexanol but only once more strongly bound aromatic 

species have been hydrogenated [11]. At the end of the reac-
tion conversion of hydroquinone and resorcinol is ~ 26% 
respectively and the overall yield of HDO products is ~ 32%, 
when this is compared with the HDO product yield at 26% 
conversion for the individual DHB isomer reactions the yield 
for each of them was ~ 15% giving a combined yield of 30% 
[6]. These comparisons suggest that the presence of the sec-
ond reactant has no significant effect on the HDO reaction 
and that the only effect of the second component is to reduce 
the rate of hydrogenation. This is in keeping with the litera-
ture where the hydrogenation functionality was significantly 
reduced in a competitive environment [14, 15].

When the three dihydroxybenzene isomers were reacted 
together, cyclohexanone and 2-hydroxycyclohexanone were 
the initial products, both produced from catechol. Subse-
quently cyclohexanol, cis-1,2-cyclohexanol and 4-hydrox-
ycyclohexanone were produced. At this stage 86% of the 
HDO products were produced from catechol and 14% from 
hydroquinone. After 15 min cyclohexane is produced and by 
then 47% of the HDO products are produced from hydro-
quinone, 28% from catechol and 25% from resorcinol. Note 
that resorcinol has produced no hydrogenated products at 
this stage. Therefore, even though catechol is more strongly 
bound and gives rise to the initial products, hydroquinone 
and resorcinol favour HDO relative to catechol HDO and 
hydrogenation.

In the initial stages of the reaction with all three iso-
mers, only catechol reacted producing the two ketones 
cyclohexanone and 2-hydroxycyclohexanone, in both cases 
hydrogenation to the respective alcohol was a secondary 
step requiring re-adsorption. The difference in timescale 
between the production of the cis-1.2-cyclohexanol and 
trans-1,2-cyclohexanol was related to the hydrogenation 
of the different intermediates, with the cis-isomer being 
produced from hydrogenation of 1,2-dihydroxycyclohex-
1-ene, while trans-1,2-cyclohexanol was produced from 
2-hydroxycyclohexanone [6]. Similar behaviour was seen 
with hydroquinone when it initiated reaction after 10 min. 
Resorcinol was significantly inhibited requiring 40 min 
before 3-hydroxycyclohexanone was detected and another 
hour before 1,3-alcohols were observed. Along with the sig-
nificant inhibition, the cis/trans ratio of the 1,3-cyclohex-
anols was unusual in that both isomers were simultaneously 
produced with a ~ 1:1 ratio. This behaviour was not observed 
individually with resorcinol [6] or with either of the pair 
reactions involving resorcinol so was unique to the reaction 
with the three isomers present. Note that the cis/trans ratios 
for the 1,2- and 1,4-isomers were not noticeably affected. 
This suggests that the hydrogenation mechanism for at least 
one of the 1,3-cyclohexandiol isomers was being influenced 
by the combination of other species on the surface.

To further help with understanding the processes occur-
ring the reactions were all repeated using deuterium instead 
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of hydrogen. When catechol and resorcinol were hydrogen-
ated using deuterium, catechol displayed an inverse kinetic 
isotope effect (iKIE) similar to that found when catechol 
was reacted singly. In contrast resorcinol displayed a normal 
KIE. This was surprising because individually resorcinol 
had displayed an iKIE [6]. The change to a normal KIE for 
resorcinol implies a significant change in surface energetics 
for resorcinol ring hydrogenation, which is consistent with 
hydrogenation being affected by the presence of a second 
reactant [14, 15]. The iKIE was explained by the change 
from  sp2 hybridized carbon to  sp3 hydridized carbon being 
the rate determining step [16], however the normal KIE sug-
gests that hydrogen bond breaking or making is involved in 
the rate determining step. Similar behaviour was observed 
with competitive deuteration of catechol and hydroquinone 
in that a positive KIE of 1.3 for catechol and 1.2 for hyd-
roquinone was calculated. Again, one reactant has signif-
icantly changed its KIE, with catechol going from 0.7 to 
1.3 whereas for hydroquinone the KIE remained constant. 
When hydroquinone and resorcinol were hydrogenated using 
deuterium neither exhibited a KIE with the rate in hydro-
gen and deuterium almost identical. The three pair experi-
ments using deuterium revealed that the surface energetics 
changed with each combination as observed by the changes 
in the kinetic isotope effect data. When all three isomers 
were reacted together using deuterium in place of hydrogen 
the rate of catechol hydrogenation increased whereas hydro-
genation of resorcinol and hydroquinone decreased such that 
catechol exhibited an iKIE, while hydroquinone and resor-
cinol exhibited a positive KIE. These results indicate that the 
presence of competing reactants has a dramatic effect on the 
energetics of the hydrogenation reactions of the individual 
components. However, no obvious trend was discernible and 
changes detected from pair reactions were not carried over 
to the triplet test. One possible explanation would be a rear-
rangement of the surface due to the liberation of the heat 
of adsorption [17, 18], which would change depending on 
which isomers were adsorbed. This would imply the surface 
was metastable as outlined by Spencer [19].

Another significant change observed when deuterium 
was used was the delay in production of the hydrogenoly-
sis products, when catechol and resorcinol were reacted 
as a pair. In the hydrogen reaction all three HDO products 
(cyclohexanone, cyclohexanol and cyclohexane) were all 
observed initially, whereas under deuterium the initial 
products were 2-hydroxycyclohexanone and 3-hydroxy-
cyclohexanone. The HDO products were each observed 
at a different time (15 min for cyclohexanone, 20 min for 
cyclohexanol and 30 min for cyclohexane). This behaviour 
was similar to that observed with individual deuteration 
of catechol and resorcinol [6], so is not an effect of the 
competitive reaction per se, although the delay is length-
ened. The cause of the delay in the single reactions was 

postulated to be due to deuterium blocking HDO sites on 
the rhodium crystallite [6] however, in the single reactant 
systems cyclohexane was clearly inhibited but it was less 
clear for cyclohexanone and cyclohexanol. In the com-
petitive system the delay for each product was much more 
definitive. This then casts doubt on the deuterium blocking 
proposal as it would require three sites, one for each HDO 
product. From the analysis of the HDO products in the 
competitive reactions is seems more likely that there is a 
single HDO site but that the selectivity between cyclohex-
ane, cyclohexanone and cyclohexanol is related to the sta-
bility of the reaction intermediates produced from each 
dihydroxybenzene. Mechanistically adsorption through the 
ring would be the most likely for hydrogenation whereas 
the initial step for HDO may come via bonding to the sur-
face by an –OH group.

6  Conclusions

The competitive hydrogenation and HDO of dihydroxyben-
zene isomers was investigated over a Rh/silica catalyst at 
323 K and 3 barg hydrogen. In general, the rate of reaction 
was less than that observed when no competitive reactant 
was present. Catechol initially inhibited resorcinol and hyd-
roquinone hydrogenation but not HDO suggesting separate 
sites for hydrogenation and HDO. When resorcinol and 
hydroquinone were competitively reacted HDO became 
the favoured reaction. The data suggested that cyclohexane 
and cyclohexanone were primary products, with the ratio of 
HDO products produced at low dihydroxybenzene conver-
sion dependent upon the DHB isomer (cyclohexanol may 
be a primary product but in the later stages of the reaction 
cyclohexanone was converted to cyclohexanol). When all 
three DHB isomers were reacted together, initially 86% of 
the HDO yield came from catechol with the rest from hyd-
roquinone. Even when resorcinol finally reacted, it produced 
HDO products first. Deuterium was used and the complexity 
of the reaction energetics were revealed. When reacted in 
pairs usually one of the pair would show a change in KIE 
from that observed when reacted in isolation. For example, 
resorcinol displayed a positive KIE when reacted alone but 
displayed an iKIE when reacted with catechol, whereas when 
catechol and hydroquinone were co-reacted, catechol exhib-
ited a positive KIE in contrast to the iKIE observed when 
reacted alone or with resorcinol. These results indicate that 
the presence of competing reactants had a dramatic effect 
on the energetics of the hydrogenation reactions of the indi-
vidual components, however no obvious trend was discern-
ible. Using deuterium also had a significant effect on HDO 
energetics, with reactions significantly inhibited, reinforcing 
the view that hydrogenation and HDO are mechanistically 
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separate. This effect on reaction energetics observed when 
more than one substrate was present, highlights the limita-
tions of studying one single model compound as a route to 
understanding the processes required for the upgrading of a 
true bio-oil feed.
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