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bstract

Reactions of methyl heptanoate on sulphided NiMo/�-Al2O3 and CoMo/�-Al2O3 catalysts in gas and liquid phases were investigated in detail.
xperiments with heptanol and heptanoic acid were carried out in support of the conclusions. Hydrodeoxygenation (HDO) of the ester produced
7 and C6 hydrocarbons. Alcohols, aldehyde, carboxylic acid and ethers were formed as intermediates. In addition, a few sulphur-containing
ompounds were formed as intermediates and they led to desulphurisation of the catalysts. The reactions of the ester and the intermediates are
xplained in terms of hydrogenation and acid-catalysed reactions such as hydrolysis, esterification and dehydration. The E2 elimination and SN2

ucleophilic substitution mechanisms are proposed to play a role in the reactions. HDO and hydrogenation activities were higher on the NiMo
atalyst than the CoMo catalyst. The NiMo catalyst might thus seem to be preferred for the conversion of aliphatic esters, alcohols and carboxylic
cids. According to the proposed reaction scheme, however, hydrogen consumption will be greater with this catalyst.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Wood-based bio-oil is a renewable alternative fuel suitable
or the replacement of fossil fuels. When wood-based bio-oil
s used as fuel, atmospheric carbon is merely recycled, unlike
ossil fuels whose fixed carbon is mobilised and adds to the atmo-
pheric pool [1–3]. Thus, bio-oil is considered as CO2 neutral
ven though the method of producing it may require hydrogen,
he production of which yields CO2. A further positive feature of
ood-based bio-oil is that the sulphur content is negligible and

he nitrogen content is low, so that bio-oil generates less SOx and
Ox emissions than fossil fuels [1,2,4,5]. The oxygen content of
io-oil is high, however (35–50 wt%). The amount and type of
xygen-containing compounds depend on the biomass source
nd the bio-oil production conditions. Oxygen is present as
lcohols, carboxylic acids, aldehydes, esters, ketones, phenols,

ugars, furans and many other oxygenates [1,2,5].

The high oxygen content of bio-oil induces thermal and
hemical instability, immiscibility with hydrocarbon fuels and
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tic ester

ow heating value as compared with hydrocarbon fuels [2,4].
io-oil as such cannot be utilised as motor fuel, therefore.
he necessary upgrading of bio-oil, in which the oxygen
ontent is reduced, can be achieved by hydrodeoxygenation
HDO), which entails the elimination of oxygen and the
ormation of hydrocarbons in the presence of hydrogen on sul-
hided hydroprocessing catalysts. The typical catalysts, such as
iMo/Al2O3 and CoMo/Al2O3, are active in sulphided form, but

he oxygen-containing compounds present in bio-oil may mod-
fy the sulphide structure causing a loss of catalytic performance
5].

The HDO reactivity of bio-oil varies with the source, accord-
ng to the type and amount of oxygen-containing compounds.
DO of the oxygen-containing compounds present in bio-oil
eeds to be thoroughly investigated for a full understanding and
eliable optimisation of the upgrading process conditions, most
otably hydrogen consumption. Several studies on the HDO of
henolic and furanic compounds are reported in literature [5]
ut only a few on the HDO of aliphatic diethyl esters in the reac-

ion mixture [6–11]. In a recent study of the HDO of aliphatic
ethyl esters on NiMo/�-Al2O3 and CoMo/�-Al2O3 catalysts

n a fixed-bed flow reactor [12,13], we found that the HDO of
ethyl esters produces hydrocarbons as the final products, and

mailto:ilke.senol@tkk.fi
dx.doi.org/10.1016/j.molcata.2006.12.006
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xygen-containing compounds are formed as intermediates. In
he present study, we deepen our understanding of the reaction
aths of the HDO of aliphatic esters. Methyl heptanoate was used
s model ester compound. Additional experiments with heptanol
nd heptanoic acid were performed to explore the role of these
xygen-containing compounds in the reaction paths. Possible
eaction mechanisms and catalyst active sites are discussed.

. Experimental

Experiments were carried out in gas phase in a tubular
xed-bed flow reactor and in liquid phase in a batch reac-

or. The reaction mixture contained methyl heptanoate (Fluka
hemika, >99%, or Merck, >98%), 1-heptanol (Aldrich, 98%)
r n-heptanoic acid (Aldrich, 99%) in m-xylene (Merck, >99%).
-Decane (Sigma, >99%) was added as an internal standard in
he batch reactor experiments. The chemicals were confirmed to
e water-free by NMR analysis. Nitrogen, hydrogen and 5 vol%
2S/H2 mixture were obtained with 99.999% purity from AGA.
Experiments in the flow reactor were performed with

ommercial NiMo/�-Al2O3 and CoMo/�-Al2O3 hydrotreating
atalysts. The batch reactor experiments were carried out only
ith the NiMo catalyst. Both catalysts were crushed and sieved

o a fraction of 0.59–0.75 mm.

.1. Experiments in the flow reactor

The flow reactor was made of stainless steel (i.d. 10 mm and
ength 380 mm). It was heated with an electrical furnace and the
emperature was monitored with a thermocouple in the reactor.
he liquid outlet stream of the reactor was withdrawn through
sampling vessel, which was cooled in an ice bath.

Experiments were carried out isothermally at 250 ◦C under
.5 MPa pressure. In the experiments with the ester and acid,
he liquid feed contained 3 wt% methyl heptanoate or heptanoic
cid in m-xylene and the catalyst amount was 0.5 g. In the exper-
ments with heptanol, the amounts of the alcohol and catalysts

aried as set out in Table 1. Flow rate of the liquid feed was 10 g/h
n all experiments and that of the gas feed, which contained pure
ydrogen, 2 l/h (NTP). Details of the catalyst pretreatment and
eaction procedure can be found in our previous paper [12]. A

t
b
w
o

able 1
eaction of heptanol on sulphided NiMo/�-Al2O3 and CoMo/�-Al2O3 catalysts in th

xp. Heptanol (wt%) Catalyst and amount (g) Conversion (%

NiMo/�-Al2O3 CoMo/�-Al2O3 Totala H

l-1 3 0.5 – ∼100 ∼
l-2 3 0.3 – ∼100 ∼
l-3 6 0.3 – ∼100 ∼
l-4 10 0.3 – 93
l-5 15 0.2 – 56
l-6 3 – 0.5 ∼100 ∼
l-7 6 – 0.3 82

a Total heptanol conversion.
b Conversion to hydrocarbons.
c Carbon-free sulphur content of the catalyst after the reactions (7.0 ± 0.3 wt% sulp
d Carbon content of the catalyst after the reactions.
talysis A: Chemical 268 (2007) 1–8

tandard run continued for 6.5 h. Catalyst deactivation was stud-
ed with methyl heptanoate, separately, in experiments of 15 h
n stream. A further run was carried out to determine possible
eactions of methyl heptanoate in the absence of a catalyst.

.2. Experiments in the batch reactor

The batch reactor was a 50-ml autoclave equipped with a
xed-catalyst basket and a magnetic stirrer. In all experiments,

he mixing speed was kept constant at 1000 rpm during the
retreatment and reaction.

A batch of NiMo/�-Al2O3 catalyst (0.5 g) was packed into the
atalyst basket. After the catalyst was calcined for 2 h at 350 ◦C
nder 6 l/h (NTP) nitrogen flow, a 2 h presulphidation period was
nitiated by changing the nitrogen flow to 5 vol% H2S/H2 gas
ixture at a rate of 3 l/h (NTP). Experiments at 250 ◦C under

.5 MPa hydrogen pressure were started by the addition of 16 ml
eaction mixture containing 5 wt% methyl heptanoate, 2 wt%
eptanol or 2 wt% heptanoic acid and 1 wt% n-decane in m-
ylene. The reaction time in the experiments was varied between
and 180 min. Before each sample (about 100 mg) was removed,

he sampling line was purged with about 250 mg of the reaction
ixture. No hydrogen was added to the reactor during the runs

nd the number of samples was limited to 5 in each run in order to
void a pressure and volume drop due to the sampling. Hence, the
apour–liquid phase equilibrium was assumed not to be affected
y a pressure change in the reactor. The results are discussed on
he basis of the liquid phase compositions. Possible reactions of
he methyl ester in the absence of a catalyst in the liquid phase
ere studied separately.

.3. Analysis

The liquid samples were analysed with a Hewlett-Packard
as chromatograph (HP 6890 Series) equipped with an HP-1
olumn (60 m × 0.25 mm × 1 �m film thickness) and a flame
onisation detector. The response factors for the reactants and

he products were determined and checked regularly with cali-
ration solutions of known concentrations. A few liquid samples
ere analysed qualitatively by GC/MS for the identification
f trace compounds. The gas outlet stream of the flow reac-

e flow reactor

) Selectivity (%) Catalyst (wt%)

DOb Heptane Heptenes Diheptyl ether Sc Cd

100 100 – – 7.1 4.6
100 100 – – 7.0 5.4
100 94 5 1 6.8 5.9

92 90 9 1 7.0 5.6
51 65 26 9 6.9 5.6

100 75 24 1 5.9 5.8
75 34 58 8 5.6 7.3

hur before the reactions).
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or was qualitatively analysed with an online Hewlett-Packard
as chromatograph (HP 5890A, thermal conductivity detector,
P-PLOT/U column of dimensions 30 m × 0.32 mm and 10 �m
lm thickness). At the end of the experiments, the gas phase of

he batch reactor was probed for CO2, CO and H2S with Dräger
ubes.

Sulphur and carbon contents of the catalysts were determined
fter the experiments with a sulphur and carbon analyser (LECO,
eries SC-444).

.4. Calculations

Total conversion of the reactant, XA, and the selectivity to
roduct i, Si, were defined by

A = FA,in − FA,out

FA,in
× 100% (1)

i = Fi

FA,in − FA,out
× 100% (2)

here FA,in and FA,out are the inlet and outlet molar flows of
he reactant (mol/h), respectively, and Fi is the molar flow of the
roduct i (mol/h). In the batch reactor experiments, conversions
nd selectivities were calculated from the number of moles of
he reactant and products. HDO conversion was defined as the
raction of the reactant converted to hydrocarbons.

. Results

Repeated experiments in both the flow and the batch reac-
ors showed that the conversion and selectivity values varied by

2%, indicating good reproducibility of the experimental data.
he separate reactions of methyl heptanoate, heptanol and hep-

anoic acid in the flow and batch reactors are examined in the
ollowing.

.1. Reactions of methyl heptanoate
In experiments in the flow reactor, total conversion of
ethyl heptanoate, on both catalysts, reached a pseudo steady

tate after about 10% units decrease in 4 h (Fig. 1). Accord-

ig. 1. Conversion of methyl heptanoate on sulphided NiMo/�-Al2O3 and
oMo/�-Al2O3 catalysts at 250 ◦C under 1.5 MPa in the flow reactor.
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ngly, later in this paper, conversions and selectivities are
ompared using the average values calculated between 4 and
.5 h. Total conversion of the ester at steady state was about
8% on the NiMo catalyst and 46% on the CoMo catalyst.
n addition to the hydrocarbons, alcohol, carboxylic acid and
ster-type compounds reported previously [12,13], the GC/MS
nalysis in the present work uncovered a group of minor
xygen-containing and sulphur-containing products. The reac-
ion products in the liquid samples were identified as heptane,
-heptene, cis/trans-2-heptene, cis/trans-3-heptene, hexane,
-hexene, cis/trans-2-hexene, cis/trans-3-hexene, heptanal, 1-
eptanol, methanol, n-heptanoic acid, heptyl heptanoate,
imethyl ether, diheptyl ether, 1-methanethiol, 1-hexanethiol, 1-
eptanethiol, dimethyl sulphide, diheptyl sulphide and dissolved
2S. In this paper, heptenes and hexenes are referred to as unsat-
rated hydrocarbons. Carbon oxides (CO and CO2) and methane
ere found in the analysis of the gas outlet stream. Hydrocar-
ons, heptanol, heptanoic acid and heptyl heptanoate dominated
he products in the liquid samples (Fig. 2). The HDO conver-
ion of the ester was 67% on the NiMo catalyst and 34% on the
oMo catalyst. The NiMo catalyst was selective for the satu-

ated hydrocarbons and the CoMo catalyst for the unsaturated
ydrocarbons (Fig. 2). The NiMo catalyst produced heptane
ith a selectivity of 43% and the CoMo catalyst heptenes with
selectivity of 35% as the main products. Sulphur-containing

ompounds were scarcely detected in the analyses suggesting
hat they were formed in trace amounts.

In the experiments in the batch reactor, complete conversion
f methyl heptanoate was achieved in 2.5 h and complete HDO in
h. The products identified in the liquid samples were the same
s those found in the flow reactor experiments. In addition, the
ualitative analysis of the gas phase after the reactions showed
he presence of CO, CO2 and H2S. Concentrations of the major
roducts (i.e. hydrocarbons, heptanol, heptanoic acid and heptyl
eptanoate) in the reaction mixture changed as a function of
ime, as seen in Fig. 3. The concentrations of heptane and hexane
early stabilised after 2.5 h. Unsaturated hydrocarbons totally

anished within 3 h. The concentrations of heptanol and heptyl
eptanoate increased with time, as seen in Fig. 3, but, in a longer
un, they decreased when the ester conversion was complete.
otal ester conversion reached 10% in the first 1 min. At this

ig. 2. Product distribution for reactions of methyl heptanoate on sulphided
iMo/�-Al2O3 and CoMo/�-Al2O3 catalysts at 250 ◦C under 1.5 MPa pressure

n the flow reactor.
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ig. 3. Concentrations of products formed in the reactions of methyl heptanoate
n sulphided NiMo/�-Al2O3 catalyst at 250 ◦C under 7.5 MPa pressure in the
atch reactor.

onversion level, the concentration of acid was about five times
he amount of other products and it decreased after the ester
onversion reached 60%.

Study of reactions in the flow reactor in the absence of a
atalyst revealed the formation of heptanol and methanol. Sim-
larly, heptanol, heptanoic acid and methanol were detected in
he absence of a catalyst in the batch reactor. However, the ester
onversions in 1 h reaction time did not exceed 5% in either
eactor.

The sulphur content of the presulphided NiMo and CoMo
atalysts was 7.0 ± 0.3 wt% before the experiments in the flow
eactor. Sulphur content of the NiMo catalyst in the batch reac-
or was about 5.8 ± 0.3 wt%. As can be seen in Table 2, the
arbon-free sulphur content of both catalysts decreased dur-
ng the reactions in the flow reactor, but no significant change
n the sulphur content of the catalyst took place in the batch
eactor. The carbon content of the catalysts increased up to
.5 wt% during the reactions in the flow and batch reactors
Table 2).

.2. Reactions of 1-heptanol
Table 1 shows heptanol conversions with different catalyst
oadings and amounts of reactant in the flow reactor. When the
eactions were carried out on the NiMo catalyst, the alcohol

p
d
m
e

able 2
ulphur and carbon contents (wt%) of catalysts after experiments in the flow and batc

Methyl heptanoate 1-Heptano

NiMo CoMo NiMo

Sa C Sa C Sa

low reactor 6.0 6.2 5.4 7.5 –c

atch reactorb 5.6 5.7 – – 5.7

a Sulphur content of the catalyst on carbon-free basis (before the reactions 7.0 ± 0.
b Sulphur and carbon contents after 1 h reaction time.
c Reported in Table 1.
ig. 4. Product distribution for reactions of heptanol at various space times in
he flow reactor.

onversion was complete under the conditions of experiments
l-1, Al-2 and Al-3. Because the conversion was complete,

urther experiments were carried out with catalyst loadings or
mounts of heptanol that led to incomplete conversions, allow-
ng the detection of reaction intermediates. These experiments
evealed the formation of diheptyl ether and the same C7 hydro-
arbons as in the reactions of methyl heptanoate. 1-Heptanethiol
nd diheptyl sulphide were identified as the sulphur-containing
ompounds. Analysis of the gas outlet stream of the flow reactor
id not reveal any gaseous products. The selectivities to hep-
ane, heptenes and diheptyl ether, are presented in Fig. 4 at
arious space times, where space time is defined as the ratio
f the amount of catalyst to the molar flow of heptanol. Under
ll the conditions studied the main product on the NiMo cata-
yst was heptane. At 93% total conversion level the selectivity
o heptane was 90%, and at 56% conversion level it was 64%
Table 1). On the CoMo catalyst, the conversion of heptanol
as complete under the conditions of experiment Al-6 and the

electivity to heptane was 75%. At incomplete conversion level
experiment Al-7), heptenes were the main products and the
atalyst selectivity to them was 58%.

Except for diheptyl sulphide, the products in the liquid sam-

les in the batch reactor experiments were the same as those
etected in the flow reactor experiments. Heptanol produced
ostly unsaturated and saturated C7 hydrocarbons. Diheptyl

ther was formed in trace amounts. Heptanol conversion was

h reactors with methyl heptanoate, 1-heptanol and n-heptanoic acid as reactant

l n-Heptanoic acid

CoMo NiMo CoMo

C Sa C Sa C Sa C

–c –c –c 5.7 7.7 4.9 8.9
2.3 – – 5.3 2.7 – –

3 wt% in the flow reactor and 5.8 ± 0.3 wt% in the batch reactor).



ar Catalysis A: Chemical 268 (2007) 1–8 5

c
m

h
w
t
c
s
c

3

i
s
c
s
T
h
a
h
o

a
c
t
4
o
t
c

w
H
s
H
r
t
a
c
a
c
i

F
C

F
s
r

t

4

4

t
t
t
r
m
t
f
i
S
t
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omplete in 45 min and only heptane was detected in the reaction
ixture.
As seen in Table 1, in the flow reactor experiments with

eptanol, the carbon-free sulphur content of the NiMo catalyst
as more or less maintained during the reactions, but that of

he CoMo catalyst dropped to below 6.0 wt%. Meanwhile, the
arbon content increased. In the batch reactor experiments, the
ulphur of the NiMo catalyst decreased slightly while the carbon
ontent increased (Table 2).

.3. Reactions of n-heptanoic acid

As with methyl heptanoate, total conversion of heptanoic acid
n the flow reactor changed with time on stream. At pseudo
teady state, total acid conversions were about 90% on the NiMo
atalyst and 47% on the CoMo catalyst, while the HDO conver-
ions were 82% on the former and 34% on the latter catalyst.
he products in the liquid samples were heptanal, 1-heptanol,
eptyl heptanoate, diheptyl ether, 1-hexanethiol, 1-heptanethiol
nd the same hydrocarbons as detected in the reactions of methyl
eptanoate. CO2 and CO were found in the analysis of the gas
utlet stream.

The NiMo catalyst was selective for saturated hydrocarbons,
nd the CoMo catalyst for unsaturated hydrocarbons. The NiMo
atalyst produced heptane with a selectivity of about 50% and
he CoMo catalyst produced heptenes with a selectivity of about
0% as the main products (Fig. 5). On both catalysts, the major
xygen-containing compounds were heptanol and heptyl hep-
anoate, and their amounts were clearly higher on the CoMo
atalyst than the NiMo catalyst (Fig. 5).

In the batch reactor, the acid conversion on the NiMo catalyst
as complete after 45 min and total HDO was achieved after 1 h.
ydrocarbons and oxygen-containing compounds in the liquid

amples were the same as in the flow reactor experiments. 1-
eptanethiol was the sulphur-containing compound found in the

eaction mixture. In addition, CO, CO2 and H2S were detected in
he gas phase. The concentration profiles of the major products
re depicted in Fig. 6. Hexenes and heptyl heptanoate after the

omplete acid conversion (45 min), and heptanol and heptenes
fter about 1 h were no longer found in the liquid samples. The
oncentrations of heptane and hexane in the reaction mixture
ncreased with respect to time.

ig. 5. Product distribution of heptanoic acid on sulphided NiMo/�-Al2O3 and
oMo/�-Al2O3 catalysts at 250 ◦C under 1.5 MPa pressure in the flow reactor.
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ig. 6. Concentrations of products formed in the reactions of heptanoic acid on
ulphided NiMo/�-Al2O3 catalyst at 250 ◦C under 7.5 MPa pressure in the batch
eactor.

The sulphur and carbon contents of the catalysts changed in
he reactions of heptanoic acid, as shown in Table 2.

. Discussion

.1. Reaction network

Presentation of the concentrations of the products as a func-
ion of time (Fig. 3) revealed, as we suggested previously [12],
hat heptanoic acid is a primary product formed in the reac-
ions of methyl heptanoate. Heptanol did not accumulate in the
eaction mixture indicating that it, too, was formed as an inter-
ediate in the reactions. A carboxylic acid can be converted

o an alcohol via an aldehyde. Thus, heptanol might have been
ormed by the hydrogenation of heptanal, which was detected
n only trace amounts presumably due to its high reactivity.
ince C6 hydrocarbons were not formed in the reactions of hep-

anol, their formation may be explained in terms of reactions
f heptanoic acid and heptanal. In a study of deoxygenation of
tearic acid on various supported metal catalysts, Snåre et al.
14] found that saturated and unsaturated hydrocarbons were
roduced by decarboxylation and decarbonylation reactions,
espectively. CO2 and CO were formed as the side products. Sim-
larly, heptanoic acid might produce saturated and unsaturated

6 hydrocarbons on the sulphided NiMo and CoMo catalysts.
oreover, cleavage of CO from heptanal might yield C6 hydro-

arbons. Thus, carbon oxides might be produced in reactions of
he ester and acid, which, as revealed by the thermodynamic data
stimated with the HSC Chemistry® program [15] (Table 3), are
ot equilibrium-limited in gas phase at 250 ◦C.

The formation of heptanol and methanol in reactions of the
ster in the absence of a catalyst clearly shows that heptanol was

lso produced directly from the ester even though the conver-
ions were low.

Looking at Fig. 4, extrapolation of space time towards the y-
xis can provide information about intermediates in the reactions
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Table 3
Thermodynamic data for possible reactions of heptanoic acid and heptanal in gas phase at 250 ◦C

�G250 (kJ/mol) �H250 (kJ/mol)

C6H13COOH(g) → C6H14(g) + CO2(g) −713 17
C6H13COOH(g) → C6H12(g) + CO(g) + H2O(g) −635a 185b

C6H13COOH(g) + H2(g) → C6H13CHO(g) + H2O(g) −624 74
C6H13COOH(g) + 2H2(g) → C7H15OH(g) + H2O(g) −633 15
C6H13CHO(g) → C6H14(g) + CO(g) −72 −7
C6H13CHO(g) → C6H12(g) + CO(g) + H2(g) −13a 121b
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6H13CHO(g) + H2(g) → C7H15OH(g)

a Gibb’s free energy of formation of 1-hexene.
b Heat of formation of 1-hexene.

f heptanol. Thus, selectivities to heptenes and diheptyl ether
pproached ‘non-zero’ values with decreasing space time, while
electivity to heptane approximated to ‘zero’ value. Clearly,
eptenes and diheptyl ether were formed as intermediates and
eptane as the end product.

On the basis of these findings, we propose the reaction
etwork of Scheme 1 for the HDO of methyl heptanoate. Pre-
iously, we reported the formation of C6 hydrocarbons directly
rom methyl heptanoate by means of decarboxylation reaction
12,13]. However, no direct evidence of this reaction was found
n the present study and it is excluded from the reaction network.
ote that the presence of carbon oxides, hydrogen and water in

he reactor may lead to a number of reactions such as methana-
ion and water-gas shift reactions. The formation of methane, for
nstance, might be explained in terms of methanation reactions.
owever, these reactions were not investigated in the present
ork.

.2. Reaction mechanisms

Esters can be converted to carboxylic acids by means of
ydrolysis, which is the reverse of the acid-catalysed esteri-
cation reaction by which a carboxylic acid and an alcohol
orm an ester and water [22]. In addition, acid–base reac-
ions are known to take place at high temperature on sulphided
ydrotreating catalysts [17–22]. Correspondingly, heptanoic
cid might be formed by the acid-catalysed hydrolysis of methyl

eptanoate on the sulphided NiMo and CoMo catalysts. The
everse of the hydrolysis, i.e. esterification, might explain the
ormation of heptyl heptanoate from heptanol and heptanoic
cid.

o
c
q
m

Scheme 1. Reactions of methyl heptanoate on sulphided NiM
−9 −60

Water is needed for the hydrolysis reaction. Yet, the reac-
ants were confirmed by NMR analysis to be water-free, and the
alcination step at high temperature under nitrogen flow during
he catalyst pretreatment should remove any water remaining
n the pores. We assume, therefore, that water was not present
t the beginning of the reactions under our experimental con-
itions. The formation of heptanoic acid in the absence of a
atalyst in the batch reactor revealed that the acid was produced
rom the ester even though the conversion was low. According
o Scheme 1, the acid was consumed in the reactions forming
eptanal and heptyl heptanoate, which produce water as a side
roduct. Similarly, heptanol generated directly from the methyl
ster yielded heptenes by means of elimination of water. Thus,
ll these reactions increased the amount of water available for
se in the hydrolysis reaction. In addition to this, the alumina
upport was earlier [12] found to catalyse the formation of car-
oxylic acids and alcohols from aliphatic methyl esters, but no
ydrocarbons were formed. It is therefore not excluded that the
lumina support, with its Lewis acid sites, might participate in
he hydrolysis of the ester.

Alcohols can yield unsaturated hydrocarbons by means of
cid-catalysed dehydration reaction, which, in principle, takes
lace by the E1 and E2 elimination mechanisms [16,23,24]. The
ormation of heptenes from heptanol by the elimination mecha-
isms is shown in Scheme 2a. According to the E1 mechanism,
he split of water from protonated heptanol forms a primary car-
enium ion, which is energetically unstable. Since the acidity

f the sulphided catalysts is not sufficient to produce a primary
arbenium ion [21], the E1 mechanism is very unlikely. Conse-
uently, we propose that the formation of 1-heptene by the E2
echanism, as seen in Scheme 2, was followed by acid-catalysed

o/�-Al2O3 and CoMo/�-Al2O3 catalysts (R C6H13).
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Scheme 2. Acid-catalysed (a) elimination and (b) nucl

somerisation to cis/trans-2-heptene and cis/trans-3-heptene to
ield more stable internal heptenes [24]. In our previous study
12], HDO was found not to occur on the alumina support.
ence, coordinatively unsaturated sites (CUS), i.e. sulphur

nion vacancies, on the sulphided catalysts are likely the active
ites for the dehydration reaction.

Although elimination mechanisms are proposed to be respon-
ible for the formation of heptenes from heptanol, they do not
xplain the formation of diheptyl ether and sulphur-containing
ompounds in the reactions. These compounds can be formed
y the SN1 and SN2 nucleophilic substitution mechanisms.
s illustrated in Scheme 2b, the SN1 mechanism produces
-heptanethiol and the SN2 mechanism 1-heptanethiol. Since
he SN1 mechanism leads to an unstable primary carbenium
on (Scheme 2b) and 2-heptanethiol was not detected among
he products, the SN1 mechanism was concluded not to occur.
he formation of 1-heptanethiol by the SN2 mechanism was

ikely followed by the elimination of H2S and the forma-
ion of 1-heptene. If the nucleophile in the SN2 mechanism is
nother 1-heptanethiol molecule, the products are then diheptyl
ulphide and H2S, both of which were detected in the experi-
ents. Similarly, the formation of diheptyl ether suggests that

nother heptanol molecule might act as a nucleophile, produc-
ng diheptyl ether and water from 1-heptanol. The formation
f hexanethiol in the reactions of heptanoic acid suggests a
ossible role for the nucleophilic substitution reaction in the
ormation of C6 hydrocarbons as well. Indeed, the �-carbon
s more electrophilic in heptanoic acid and heptanal than in 1-
eptanol owing to the presence of C O �-bond. As a result,
eptanoic acid and heptanal are more susceptible to nucleophilic
ttack than 1-heptanol. Since no sulphiding agent was added dur-
ng the reactions, the nucleophile needed for the formation of
ulphur-containing compounds in the nucleophilic substitution
echanism was likely provided by reactive sulphur species, i.e.

eakly bonded sulphur, on the sulphided catalysts. This also

an explain the decreases in the sulphur contents. The forma-
ion of sulphur-containing compounds as intermediates supports
he recent work of Prins et al. [18–22], which showed the for-

A
a
t
a

lic substitution mechanisms of 1-heptanol (R C4H9).

ation of sulphur-containing compounds as intermediates in
cid-catalysed reactions on sulphided catalysts.

The formation of heptane may be explained in terms of two
eactions: hydrogenation of heptenes and direct hydrogenoly-
is of 1-heptanol, which means cleavage of the C O bond and
imultaneous hydrogenation. In the reactions of heptanol under
he same experimental conditions (Al-3 and Al-7), the NiMo cat-
lyst, in accordance with its high hydrogenation activity [25],
as selective to saturated hydrocarbon and the CoMo catalyst

o unsaturated hydrocarbons (Table 1). On the basis of these
bservations, we conclude that the hydrogenation of heptenes is
he major route to heptane, and the direct hydrogenolysis of 1-
eptanol does not proceed at a discernible rate under the studied
onditions.

.3. Catalyst activities

The rapid decreases in the conversion levels of the methyl
ster and acid at the beginning of the reactions in the flow
eactor revealed an initial deactivation of the catalysts. Increas-
ng carbon contents and decreasing sulphur contents during the
eactions indicated coke formation and desulphurisation of the
atalysts, which led to the deactivation [26].

In the reactions of the ester and acid in the flow reactor,
otal conversion and HDO conversion were always higher on
he NiMo catalyst than on the CoMo catalyst, which suggests
hat the NiMo catalyst is more favourable for the HDO of
liphatic oxygen-containing compounds such as esters, alcohols
nd carboxylic acids. Unfortunately, hydrogen consumption is
ncreased with the NiMo catalyst.

. Conclusions

Reactions of aliphatic methyl esters on sulphided NiMo/�-

l2O3 and CoMo/�-Al2O3 catalysts were investigated in flow

nd batch reactors with methyl heptanoate, heptanol and hep-
anoic acid as reactants. Methyl heptanoate produced saturated
nd unsaturated C7 and C6 hydrocarbons in a complex reaction
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etwork in which oxygen-containing and sulphur-containing
ompounds were formed as intermediates. Sulphur-containing
ompounds led to desulphurisation of the catalysts. Heptanol
nd heptanoic acid were the primary products of the methyl ester.
eptanol yielded C7 hydrocarbons and heptanoic acid C7 and C6
ydrocarbons. Heptane on the NiMo catalyst and heptenes on the
oMo catalyst were the main products. The reactions of aliphatic
ster, alcohol and acid on sulphided catalysts were explained in
erms of hydrogenation reactions and acid-catalysed reactions
uch as hydrolysis, dehydration and esterification. The NiMo
atalyst exhibited better activity for the conversion of aliphatic
xygen-containing compounds than the CoMo catalyst, but it
onsumed more hydrogen.

eferences

[1] D. Mohan, C.U. Pittman Jr., P.H. Steele, Energy Fuels 20 (2006) 848–
889.

[2] S. Czernik, A.V. Bridgwater, Energy Fuels 18 (2004) 590–598.

[3] R.K. Sharma, N.N. Bakhshi, Can. J. Chem. Eng. 69 (1991) 1071–1081.
[4] A.V. Bridgwater, Appl. Catal. A: Gen. 116 (1994) 5–47.
[5] E. Furimsky, Appl. Catal. A: Gen. 199 (2000) 147–190.
[6] E. Laurent, B. Delmon, Appl. Catal. A: Gen. 109 (1994) 77–96.
[7] E. Laurent, B. Delmon, Appl. Catal. A: Gen. 109 (1994) 97–115.

[

[

[

talysis A: Chemical 268 (2007) 1–8

[8] A. Centano, E. Laurent, B. Delmon, J. Catal. 154 (1995) 288–298.
[9] M. Ferrari, S. Bosmans, R. Maggi, B. Delmon, P. Grange, Catal. Today 65

(2001) 257–264.
10] M. Ferrari, R. Maggi, B. Delmon, P. Grange, J. Catal. 198 (2001) 47–55.
11] M. Ferrari, B. Delmon, P. Grange, Microporous Mesoporous Mater. 56

(2002) 279–290.
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