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bstract

Citral hydrogenation was studied over a Pt/Al2O3 catalysts in cyclohexane and in 2-pentanol. Several kinetic trends, which were correlated
o catalyst deactivation, were achieved. Accumulation of trans isomers in both citral and in unsaturated alcohols was visible under deactivating
onditions. The further hydrogenation of citronellal was nearly totally inhibited due to catalyst deactivation, whereas nerol, geraniol and citronellol
ormation were enhanced at higher temperatures and pressures. The main unusual kinetic phenomena in citral hydrogenation in 2-pentanol were,

rst, a maximum observed in the initial hydrogenation rates as a function of temperature caused by catalyst deactivation and, second, a minimum

n citral conversion after prolonged reaction times. The reason for these unusual kinetic phenomena is decarbonylation reaction occurring during
ydrogenation, i.e. formation of CO, which was confirmed by temperature programmed desorption of geraniol from a reduced Pt/Al2O3 catalyst.

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

Typically in three phase hydrogenations of �,�-unsaturated
ldehydes the reaction rates increase with increasing temper-
tures [1]. In some cases it has been difficult to determine
nitial hydrogenation rates in a reliable way especially at higher
emperatures due to fast catalyst deactivation, like in nerol (n)
ydrogenation [2]. According to our knowledge there is only
ne publication, in which inverse dependence between the ini-
ial hydrogenation rate and temperature has been reported in
itral hydrogenation over Pt/SiO2 catalyst [3]. In that study a
inetic model was developed for the decreasing initial hydro-
enation rate with increasing temperature and the phenomenon
as explained by catalyst deactivation due to citral decarbony-

ation. No catalyst characterization was, however, presented.
oreover, the analysis of selectivity and its dependence on

eactivation was somewhat limited, as mainly geraniol/nerol
geraniol g, nerol n) and citronellal (cal) were obtained. No data

n cis/trans citral and geraniol/nerol ratio were provided.

Citral hydrogenation is a complex reaction, where the desired
roduct, citronellol (col), is formed as a second product both

∗ Corresponding author. Tel.: +358 2 2154985; fax: +358 2 2154479.
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rom citronellal and unsaturated alcohols, nerol and geraniol
Fig. 1) [10]. Another valuable product from citral hydrogena-
ion is menthol [14], which can be hydrogenated from (−)-
sopulegol [13]. Citral can be hydrogenated to citronellal with
he yield of 87.3% over a Pd/C catalyst at 353 K and 1.0 MPa
ydrogen [4], whereas over 91% yields of nerol and geraniol
ere obtained over a bimetallic Ru-Fe/C catalyst at 353 K and
.0 MPa [5]. Citronellol was prepared with the yield of 90% via
atalytic hydrogenation of citral at 413 K and 10.1 MPa over a
uO-Cr2O3 catalyst containing also small amounts of MnO2
nd BaO [6].

In order to obtain higher yields of the consecutive products
he batch reactor was operated in a pumping mode via pump-
ng liquid phase continuously out from the reactor during the
eaction. In this way the catalyst bulk density was increased as
function of time since the catalyst amount remained constant
uring the reaction.

Catalyst deactivation in citral hydrogenation has been
bserved over several catalysts, like Ni/SiO2 [7], Ni/Al2O3 [7]
nd Ru/Al2O3 [8]. Typically the kinetics followed Arrhenius
ype temperature dependency. In case of nerol hydrogenation,

owever, an enhanced selectivity as a function of conversion
as observed with increasing reaction temperature [2]. In cit-

al hydrogenation over Pt/SiO2 the main products besides cit-
onellal were nerol and geraniol being together about 80% at

mailto:dmurzin@abo.fi
dx.doi.org/10.1016/j.cej.2006.06.004
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Fig. 1. Reaction schem

73 K and 2.0 MPa at 40% conversion in hexane [3]. This paper
as thus reporting mainly the two primary parallel reaction

outes.
The aim in this work was to investigate unusual kinetics in cit-

al hydrogenation over Pt/Al2O3 catalyst yielding large amounts
f different parallel and consecutive products. When Pt is an
ctive metal in the catalyst substantial amounts of nerol and
eraniol together with citronellal are formed as primary paral-
el products followed by parallel formation of citronellal and
,7-dimethyloctanal (dnal) in the second step. The consecutive
roducts are citronellol and 3,7-dimethyloctanol (dmol). Thus
n this work the kinetics in complex citral hydrogenation over
t/Al2O3 catalyst is reported in detail and an emphasis is put on

he kinetic trends caused by catalyst deactivation. Moreover, the
rigin of catalyst deactivation was studied via characterization
f spent catalysts.

. Experimental

.1. Reactor set-up

Citral (Alfa Aesar, 97% with equal initial amounts of trans
nd cis citral) hydrogenation was carried out in a batch reac-
or, where liquid phase was pumped continuously out from the
eactor with a constant rate of 1 g/min. The outcoming liquid
hase was continuously fed on to a balance, where its weigh
as recorded as a function of time. The catalyst amount in the

eactor was kept constant (5 g) during the experiments, since
sinter with 7 �m holes was used in the liquid phase pump-

ng line as well as in the sampling line. The catalyst, 5 wt.%
t/Al2O3 (Strem Chemicals, 78–1660), was reduced in situ

rior to the reaction with flowing hydrogen (AGA, 99.999%)
t 673 K for 60 min, after which it was cooled to room tempera-
ure. Then the deoxygenated solvent, either cyclohexane (99.0%,
ab-Scan) or 2-pentanol (>98%, Merck 807501), containing cit-

t
t
r

citral hydrogenation.

al was injected into the reactor, thereafter the reactor was heated
p to the desired temperature. The reaction was started when
he desired temperature was reached via initiating the stirring
1500 rpm). The high stirring rate facilitated the experiments in
he kinetic regime. Typically the initial citral concentration was
.1 mol/dm3. The total initial liquid phase volume was 325 cm3

nd it decreased continuously until the final liquid phase vol-
me (185 cm3) was reached. Experiments were performed under
verall pressure of either 2.0 and 4.1 MPa.

.2. Liquid phase analysis

The liquid samples were analyzed with a gas chromatograph
Agilent Technologies 6890N) equipped with a capillary col-
mn (DB-1, length 30 m, internal diameter 0.25 mm and film
hickness 0.50 �m). The following temperature programme was
sed for analysis: 393 K (1 min); 0.30 K/min; 395 K (1 min);
K/min; 399 K (1 min); 20 K/min; 473 K (16 min). The injector
nd the detector temperatures were 523 and 553 K, respectively.
elium (AGA, 99.996%) was used as a carrier gas. The split

atio was 40. The products were identified with commercial
tandards: nerol (90%, Fluka 72170), geraniol (Tech., Lancaster
238), citronellal (93%, Acros Organics 40529100), citronellol
Lancaster 5743), 3,7-dimethyloctanol (99%, Aldrich 30.577-
). (−)-Isopulegol (>99.5%, Fluka 59770) and by using GC–MS
quipment (Agilent Technologies 5973, mass selective detector)
ith a capillary column HP-5 (length 30 m, internal diameter
.25 mm and film thickness 0.25 �m).

.3. Catalyst characterization
The metal dispersion was measured by hydrogen chemisorp-
ion using an automatic chemisorption apparatus (Sorptome-
er 1900, Carlo Erba Instruments). Adsorption isotherms were
ecorded at 298 K within the pressure range of 132–13.2 Pa. The
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catalyst was reduced at 673 K for 2 h with flowing hydrogen after
which it was evacuated at 10 Pa for 60 min at 673 K.

The mean catalyst particle size distribution was measured
with a Malvern Zetasizer Iic apparatus by scattering He–Ne
light, which was reflected to a catalyst powder–ethanol suspen-
sion. The interference figures, which were collected by a Fourier
lens, were processed with a computer.

The specific surface areas of the fresh and the spent catalysts
were determined by nitrogen adsorption using Sorptometer 1900
(Carlo Erba Instruments). The fresh catalyst was degassed at
573 K in vacuo, whereas 373 K was used in degassing for a
spent catalyst in order to avoid the desorption of organic species
accumulated on the catalyst surface during hydrogenation.

Temperature programmed desorption (TPD) experiments of
spent catalysts were carried out by heating the catalyst under
helium (AGA, 99.996%) with a flow rate of 50 cm3/min and
temperature programme 10 K/min up to 923 K (30 min) by using
Micromeritics (Autochem 2910) apparatus and analyzing the
desorbing gases by a quadrupole mass spectrometer (Balzers
Instrument, Omnistar).

In the temperature programmed oxidation (TPO) experiments
an analogous treatment was used with oxygen containing gas
mixture (5 vol.% O2, 2 vol.% CO2 (AGA) and 93% He (AGA,
99.996%)).

Temperature programmed desorption of citral and geraniol
were performed in the same apparatures as follows: at first cat-
alyst was reduced in situ with flowing hydrogen at 673 K for
60 min followed by adsorption of either citral or geraniol via bub-
bling helium through a bottle containing the organic compound
at 323 K. The vaporized compound was adsorbed on the catalyst
surface with flowing helium (20 cm3/min) under 30 min, there-
after the physisorbed species were flushed with flowing helium
for 30 min. Then the temperature programmed desorption was
started by using the same temperature program as above.

3. Results and discussion

3.1. Catalyst characterization results

The mean Pt/Al2O3 catalyst particle size was 18.2 �m and
Pt dispersion determined by hydrogen chemisorption was 40%
[9]. The specific surface area and the pore volume of the fresh
catalyst determined by nitrogen adsorption were 95 m2/gcat and
0.319 cm3/gcat, respectively. In addition to the characterization

of a fresh catalyst also spent catalysts have been studied by
nitrogen adsorption and temperature programmed methods and
these results are presented in Section 3.2.3, together with the
kinetic results from catalyst deactivation.

3
C
F
i

Table 1
Comparison of the initial hydrogenation rates, conversions at given ρbulk × time = 200
hydrogenation over Pt/Al2O3 in 2-pentanol and in cyclohexane at 373 K and 4.1 MPa

Solvent Initial hydrogenation rate
(mmol/min/gPt)

Conversion (%) at a given
ρbulk × time = 200 (gcat/dm3 min)

2-Pentanol 18.7 74
Cyclohexane 18.1 49
ig. 2. Conversion of citral as a function of ρbulk × time at 2.0 MPa at: (�) 298 K,
�) 323 K, (�) 343 K and (�) 373 K in 2-pentanol over Pt/Al2O3 catalyst.

.2. Kinetic results

.2.1. Reactor set-up and a way to normalize results
The reactor was operated with pumping liquid phase contin-

ously out from the reactor, thereafter the initial hydrogenation
ates were calculated from the average amount of citral present in
he reactor between the first 0 and 5 min, i.e. taking into account
he pumping of citral and solvent. The initial rate is thus the
lope when plotting the amount of citral versus time. In the
omparison of the catalyst performance in a batch reactor oper-
ting with changing catalyst bulk density the correct way to plot
inetic curves is to normalize the abscissa by multiplication of
atalyst bulk density and reaction time, i.e. ρbulk × time. Initially
he catalyst bulk density is:

0,B = mcat

V0,L
(1)

At time t the bulk density ρB can be written as a function of
olumetric flow V̇ as follows:

B = ρ0,B

1 − (V̇ /V0,L)
(2)

here V0,L denotes the initial liquid phase volume. Catalyst
eactivation was more prominent in cyclohexane than in 2-
entanol, since lower conversions were achieved at a given
bulk × time in the previous solvent (Table 1) and thus the kinetic
xperiments were carried out in 2-pentanol.

.2.2. Kinetic experiments in 2-pentanol
.2.2.1. Effect of temperature on initial hydrogenation rates.
itral conversion as a function of ρbulk × time is presented in
ig. 2. Initial hydrogenation rates were determined from the

nitial amounts of citral converted divided by mass of Pt and

gcat/dm3 min and amounts of nerol and geraniol as well as citronellal in citral

Amount of
citronellal (mol%)

Amount of nerol and
geraniol (mol%)

Amount of
citronellol (mol%)

21 31 17
22 15 6
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Table 2
The initial hydrogenation rates at different temperatures and pressures in citral
hydrogenation over Pt/Al2O3 in 2-pentanol

Pressure (MPa) Initial hydrogenation rate (mmol/min/gPt)

Temperature (K)

298 323 343 373

2.0 22.4 47.0 30.5 7.4
4.1 22.4 74.6 64.5 18.7
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[3]. It has been reported that the bond dissociation energies and
heats of adsorption of C C and C O bonds are different and the
dissociation energy for the latter bond being 7.9 kJ/mol larger
than that for C C [15]. Furthermore, the distribution between
ig. 3. The initial hydrogenation rates in citral hydrogenation in 2-pentanol at
.0 MPa as a function of temperature.

ime (Table 2). The initial hydrogenation rates as a function of
emperature did not follow Arrhenius law, but instead exhibited

maximum as a function of temperature (Fig. 3). This max-
mum was achieved at 323 K under 2.0 MPa corresponding to
he value of 47 mmol/gPt/min. This result indicated that lower
nitial rates were obtained above the maximum temperature due
o catalyst deactivation. The reason for catalyst deactivation is

ost probably blocking of the active sites due to decarbonyla-
ion of unsaturated alcohols (see Section 3.2.3). Qualitatively
he results at 2.0 and 4.1 MPa are very similar. Therefore for the
ake of clarity the following treatment is mainly limited to data
btained at 2.0 MPa.

.2.2.2. Effect of temperature on conversions after prolonged
eaction times. The conversions after prolonged time could be
ompared at ρbulk × time of 200 mmol/gcat min (Table 3). An

nusual, not well-defined minimum in conversion was observed.
his minimum conversion occurred at 343 K being only 65%

rom the level observed at 298 K (Table 3). This minimum con-
ersion as a function of reaction temperature can be explained

able 3
he conversions at ρbulk × time = 200 g/dm3 min in citral hydrogenation over
t/Al2O3 in 2-pentanol

ressure (MPa) Conversion (%)

Temperature (K)

298 323 343 373

.0 89 78 58 60

.1 98 85 68 74
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ring Journal 122 (2006) 127–134

ith the catalyst deactivation caused by decarbonylation, which
as two different opposite trends occurring on the catalyst sur-
ace simultaneously with increasing temperature, i.e. increasing
ate for decarbonylation reaction versus the enhanced desorption
f CO from the catalyst surface.

The ratio of trans and cis isomers of citral during citral
ydrogenation was compared as a function of temperature and
bulk × time. The amount of cis citral was nearly independent
n temperature, but increased with increasing ρbulk × time indi-
ating that under the reaction conditions causing more severe
atalyst deactivation the trans citral reacted more slowly. More-
ver, trans citral is more stable at higher temperatures. It is,
owever, difficult to exclude the possibility that the isomeri-
ation of cis citral to trans citral occurred under the reaction
onditions. Analogously to the current results trans to cis citral
atio decreased with increasing conversion in citral hydrogena-
ion in hexane 373 K at 0.5 MPa over Pt/active carbon catalyst,
hen also catalyst deactivation was observed [12].

.2.2.3. Effect of temperature and pressures on product
istribution. The main products in citral hydrogenation in
-pentanol over Pt/Al2O3 catalyst in the temperature range
f 298–373 K, were citronellal, nerol and geraniol, 3,7-
imethyloctanal and citronellol (Figs. 4–8 and Table 4). The
mounts of 3,7-dimethyloctanol were maximally below 4% at
98 K. Only traces of isopulegol were formed, opposite to the
esults of Singh and Vannice [3], where citral hydrogenation
as investigated over Pt/SiO2 catalyst in hexane leading to
aximally 5% isopulegol.
The parallel formation of the first primary products, an alde-

yde, citronellal and unsaturated alcohols, nerol and geraniol
as observed with the ratio between the initial concentrations for

itronellal and nerol and geraniol ranging from 15 to 2 (decreas-
ng with temperature increase). Enhanced formation of unsat-
rated alcohols as higher temperatures is correlating well with
he results obtained in citral hydrogenation over Pt/SiO2 catalyst
ig. 4. Formation of citronellal as a function of ρbulk × time at 2.0 MPa at: (�)
98 K, (�) 323 K, (�) 343 K and (�) 373 K under 20 bar total pressure in 2-
entanol over Pt/Al2O3 catalyst.
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Table 4
Kinetic data for citral hydrogenation over Pt/Al2O3 in 2-pentanol at 20 bar

Temperature (K) trans/cis citral ratio n + g (mol%) cal (mol%) dnal (mol%) col (mol%) dmol (mol%)

298 0.74 2 45 20 9 3
323 0.74 7 39 9 13 2
343 0.86 14 27 2 10 <1
373 0.91 24 23 <1 9 3a

Values are given at ρbulk × time = 200 g/dm3 min. Abbreviations: n, nerol; g, geraniol; cal, citronellal; col, citronellol; dnal, 3,7-dimethyloctanal; dmol, 3,7-
dimethyloctanol.

a Formed initially during the heating period.
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Fig. 7. Formation of 3,7-dimethyloctanal as a function ofρbulk × time at 2.0 MPa
at: (�) 298 K, (�) 323 K, (�) 343 K and (�) 373 K in 2-pentanol over Pt/Al2O3

catalyst.
ig. 5. Formation of nerol and geraniol as a function of ρbulk × time at 2.0 MPa
t: (�) 298 K, (�) 323 K, (�) 343 K and (�) 373 K in 2-pentanol over Pt/Al2O3

atalyst.

itronellal and nerol and geraniol is most probable not affected
y the isomerization of unsaturated alcohols nerol and geran-
ol to citronellal, since that reaction did not occur over Pt/SiO2
atalyst [3].

After prolonged reaction times the formed amounts of cit-
onellal decreased monotonically with increasing temperature
t 2.0 MPa (Fig. 4 and Table 4) opposite to the formed amounts

f nerol and geraniol (Fig. 5 and Table 4).

The ratio between geraniol and nerol is given at ρbulk × time
f 50 mmol/min gcat in Table 5. The formation of a trans isomer,
eraniol, was enhanced at higher temperatures giving the ratio

ig. 6. Formation of citronellol as a function of ρbulk × time at 2.0 MPa at: (�)
98 K, (�) 323 K, (�) 343 K and (�) 373 K in 2-pentanol over Pt/Al2O3 catalyst.

Fig. 8. Formation of 3,7-dimethyloctanol as a function of ρbulk × time at
2.0 MPa at: (�) 298 K, (�) 323 K, (�) 343 K and (�) 373 K in 2-pentanol over
Pt/Al2O3 catalyst.

Table 5
Kinetic data from citral hydrogenation over Pt/Al2O3 in 2-pentanol at 2.0 MPa
as a function of temperature

Entry 298 K 323 K 343 K 373 K

1 1.4 1.3 1.8 1.8
2 1.0 0.9 2.4 5.2
3 14.5 13.9 13.4 6.5

Entries: (1) the geraniol to nerol ratio at ρbulk × time = 50 g/dm3 min, (2) the
ratio between the initial formation rates of citronellal and 3,7-dimethyloctanal
and (3) the ratio between the initial formation rates of citronellal and citronellol.
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unsaturated alcohols are active for decarbonylation. When CO is
blocking the active sites on the catalyst surface, the CO coverage
is determined at a certain temperature by two factors: desorption
of CO and formation of CO most probable via decarbonylation of

Table 6
TPD of spent Pt/Al2O3 catalysts

Catalyst Product Tmax, I

(K)
Tmax, II

(K)
Total relative
peak area

Used at 343 K, 2.0 MPa CO2 451 413–516 0.22
CO 705–740 623–632 1.0
CH4 453–873 – 0.06

Used at 298 K, 2.0 MPa CO2 381 729–753 0.08
CO 613–645 753–767 0.85
32 P. Mäki-Arvela et al. / Chemical En

eraniol to nerol about 1.8. This value is in accordance with
he results of Aumo et al. [16], where the ratio was about 2 over
t/C catalyst at 373 K and 0.5 MPa. The effect of pressure on the
eraniol-to-nerol ratio was quite minor. At higher temperatures,
owever, the formation of geraniol was slightly favored at lower
ressures, since the hydrogenation rates were lower under these
onditions, which in turn enhances isomerisation.

Citronellal reacted further to citronellol and 3,7-
imethyloctanal. The ratio between the initial formation
ates for citronellol and 3,7-dimethyloctanal is presented in
able 5. The largest value for this ratio was obtained at 373 K,

.e. under the conditions, were catalyst deactivation was most
rominent leading to very low levels for 3,7-dimethyloctanal.
nder other reaction conditions this ratio is maximally 1.0 and

t increased with increasing temperature indicating that the
ydrogenation of a carbonyl bond is dramatically enhanced at
73 K compared to the hydrogenation of an isolated ethylenic
ouble bond at C8 in citronellal. This result is agreeing well
ith the reaction thermodynamics in the hydrogenation of either

C or C O bond, i.e. the hydrogenation of the latter bond is
nhanced at higher temperatures [3]. The highest selectivity to
itronellol was 18% at 323 K. The lower selectivity at higher
emperatures is caused by the catalyst deactivation inhibiting
he further hydrogenation of citronellal. Similar conclusions
ollow from the analysis of 3,7-dimethyloctanol formation.

.2.3. Catalyst deactivation
The catalyst deactivation was more prominent in cyclohex-

ne than in 2-pentanol as mentioned above. The origin for the
ore severe catalyst deactivation in cyclohexane is coking, since

he specific surface area of a spent catalyst used in citral hydro-
enation at 373 K in cyclohexane was 56 m2/gcat, i.e. 41% of
he specific surface area of the fresh catalyst. On the other hand
nly 15% decrease in the specific surface area, i.e. 81 m2/gcat,
as observed in the spent catalyst in 2-pentanol. Additionally

he micropores were blocked more when the catalyst was more
eactivated. Analogous results were observed previously in cit-
al hydrogenation over Ni/SiO2 fibrous catalyst [7].

Desorption of carbonaceous species from the spent catalyst
urface was investigated by temperature programmed desorp-
ion technique. Two catalysts, used either at 298 or 343 K under
.0 MPa in 2-pentanol were studied. Three different gases, CO2,
O and CH4, were desorbed during TPD measurements under
elium as a carrier gas (Fig. 9 and Table 6). The formation of
thene (m/z = 28) can be excluded, since it should decompose in
he mass spectrometry giving simultaneously peak at m/z = 14,
hich was, however, absent. For the spent catalysts the desorb-

ng gases confirmed the presence of carbonaceous species on
he surfaces of these catalysts.

The relative peak areas of the desorbing gases for two dif-
erent spent catalysts are given in Table 6. When the catalyst
as used either at 343 or at 298 K at 2.0 MPa hydrogen in 2-
entanol, the relative amounts of CO2, CO and CH4 decreased

ndicating that there was more carbonaceous species on the cat-
lyst surface used at 343 K than at 298 K. The main part of the
esorbed gases in both the spent catalysts was CO, whereas the
arts of CO2 and CH4 were less than 22% from the peak areas of

T
m
h

ig. 9. TPD under helium from a spent catalyst used in citral hydrogenation in
-pentanol under 298 K and 2.0 MPa.

O. About 80% of CO desorbed above 690 K with a maximum
esorption between 623 and 632 K from a spent catalyst used at
43 K (Fig. 9 and Table 6) indicating that the formed CO is very
trongly bound on the catalyst surface.

The origin for the catalyst deactivation during citral
ydrogenation was elucidated in this work by two additional
xperiments. Both citral and geraniol TPD experiments were
arried out over a fresh, reduced Pt/Al2O3 catalyst. There was
difference in results between these two experiments, namely
O was formed in the latter case, whereas no CO was detected
uring citral TPD (figures are not presented). The maximum
mount of CO desorbed was achieved between 833 and 903 K
ndicating that the CO is strongly bound to the catalyst surface.
his result suggests that especially unsaturated alcohols are
ctive for decarbonylation. The absence of CO formation in
itral TPD is, however, somewhat unexpected result, since
ecarbonylation of shorter chain molecules, i.e. acrolein and
rotonaldehyde occurred on Pt(1 1 1) surfaces during TPD
xperiment carried out in vacuum [17,18]. On the other hand
PD for these molecules was performed in conditions very

emote from ones in the present work. Decarbonylation reaction
as been generally accepted to occur during the hydrogenation
f unsaturated aldehydes. It has been stated that especially
CH4 377–800 – 0.03

he amounts of the desorbed CO2, CO and CH4 and the temperatures for the
aximum amount of desorption from two different spent catalysts in citral

ydrogenation in 2-pentanol.
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Table 7
TPO of spent Pt/Al2O3 catalysts

Catalyst Product Relative area
of peak I

Tmax, I (K) Relative area
of peak II

Tmax, II (K) Total relative
peak area

Used at 343 K, 2.0 MPa CO2 0.69 418 0.31 509–531 1.0
CO 0.03 415–427 – – 0.03
CH4 0.04 413–425 – – 0.04

Used at 298 K, 2.0 MPa CO2 0.63 399 0.22 484–492 0.85
CO 0.01 388–405 – – 0.01

393–408 – – 0.02

T imum amount of desorption from two different spent catalysts in citral hydrogenation
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CH4 0.02

he amounts of the desorbed CO2, CO and CH4 and the temperatures for the max
n 2-pentanol.

nsaturated alcohols, nerol and geraniol. Both these phenom-
na, which affect the amount of CO in opposite directions,
re enhanced with increasing temperature. Analogous con-
iderations about the effect of temperature on the catalyst
erformance were presented in ref. [3]. Moreover, in geraniol
nd nerol hydrogenation over Pt/SiO2 fast catalyst deactivation
ccurred at 373 K under 2.0 MPa in hexane [18] as well as
n the hydrogenation of nerol over Rh/Al2O3 at 363 K in
-pentanol [2]. Furthermore, in competitive hydrogenation of
itronellal and geraniol the conversion of the former reactant
as retarded, whereas when hydrogenating it alone under

nalogous conditions no significant loss of catalytic activity
as observed [19]. In citral hydrogenation over Pd/Al2O3
O evolution was confirmed by in situ ATR-IR techniques

19]. There exist spectroscopic evidences for the formation
f CO in the hydrogenation of unsaturated aldehydes over
t catalysts [11]; CO desorption was observed from Pt(1 1 1)
urface exhibiting an activation barrier of 6.2 kJ/mol [20,21].

The spent catalysts were additionally analyzed by temper-
ture programmed oxidation (Table 7). The main desorbing
roduct from temperature programmed oxidation experiments
f spent catalysts was CO2 with m/z = 44, whereas CO and CH4
orresponding to the m/z values of 28 and 16, respectively, were
n minor amounts (Fig. 10 and Table 7). Interestingly it can be
oticed that the total peak areas obtained in TPO were two orders
f magnitude larger than those areas obtained during TPD and
hus it is impossible to regenerate the catalyst by heat treatment
nder helium. Two different catalysts, i.e. either used in citral
ydrogenation in 2-pentanol at 343 or at 298 K under 2.0 MPa
ere compared with TPO techniques. From the latter sample

he total relative peak area for desorbed CO2 was 85% of the
ormer one indicating that more carbonaceous species was accu-
ulated on the catalyst used at 343 K. The TPO from the catalyst

sed at 343 K in citral hydrogenation consists of two maxima
or the CO2 desorption. The first peak exhibiting the maximum
t 418 K contained 69% of the total relative amount of CO2
Table 7), whereas the corresponding peak in the catalyst used
t 298 K had the maximum for CO2 desorption at 399 K, i.e.
t 19 K lower temperature than the former one. An analogous
rend was visible in the second peak indicating that formed CO2

as less strongly bound on the Pt/Al2O3 catalyst spent at 298 K

ompared to the catalyst used at 343 K. The temperatures for
he maximum desorption of CH4 and CO were lower for the
atalyst used at 298 K than at 343 K. It can be concluded that

o
t

ig. 10. Temperature programmed oxidation from the spent catalyst: (a) used
t 298 K and (b) at 343 K at 2.0 MPa in 2-pentanol in citral hydrogenation.

arger amounts of carbon containing species were adsorbed on
he spent catalyst used at 343 K than at 298 K and these species
ere more strongly adsorbed on the former catalyst than on the

atter catalyst, since higher temperatures for maximum amount
f desorbed species were recorded for the latter catalyst. This
esult can partially explain the inverse relationship between the
onversion levels and the reaction temperature.

. Conclusions
Citral hydrogenation kinetics was studied in a batch reactor
perating with an increasing catalyst amount with increasing
ime, which is an efficient way of studying consecutive reactions.
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The initial hydrogenation rates showed a maximum as a
unction of temperature. It is concluded that due to catalyst
eactivation the initial hydrogenation rates were lower at higher
emperatures. The catalyst deactivation was confirmed by for-

ation of CO during temperature programmed desorption from
he spent catalyst. The specific surface areas dropped by maxi-

ally 41% compared to the fresh catalyst.
The conversions after prolonged reaction times showed a

inimum as a function of temperature at 343 K. This minimum
s a result of increased decarbonylation of unsaturated alcohols,
erol and geraniol as well as increased desorption of CO with
ncreasing temperature.

The further hydrogenation of citronellal was decreased very
uch due to catalyst deactivation, whereas formation of nerol

nd geraniol was enhanced at higher temperatures.
Temperature programmed desorption of citral and geraniol

rom a reduced fresh catalyst confirmed that decarbonylation
f an unsaturated alcohol, geraniol, occurred on the reduced
t/Al2O3 surface, whereas no decarbonylation was observed
uring the temperature programmed desorption of citral over
his catalyst.

Temperature programmed techniques, desorption and oxi-
ation as well as nitrogen adsorption were used for analyz-
ng the spent catalysts. In cyclohexane the specific surface
rea decreased more than in 2-pentanol. Moreover, the rela-
ive amount of large pores had increased compared to the fresh
atalyst indicating blocking of the micropores. Temperature pro-
rammed desorption confirmed the existence of carbonaceous
pecies on the surface of the spent catalysts. Methane, CO and
O2 were formed during temperature programmed desorption
xperiments. With reaction temperature increase higher amounts
f more strongly adsorbed species were formed. Their presence
n the catalyst surface during citral hydrogenation is respon-
ible for unconventional temperature dependence, i.e. negative
pparent activation energy.
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[4] H.-G. Göbbel, G. Wegner, H. Fuchs, S. Unverricht, A. Salden, Method for
the continuous hydrogenation of citral to give citronellal, WO 2004/007414
A1.

[5] T. Gerlach, H.-G. Gobbel, F. Funke, K. Ebel, E. Schwab, S. Unverricht, R.
Korner, L. Lobree, Preparation of ruthenium/iron catalysts supported on
carbon, US 2003/01490310 A1.

[6] L. Cerveny, A. Marhoul, V. Rucizka, V. Srna, Method of citronellol’s pro-
duction by means of catalytic hydrogenation of citral, CS252922, 1987.
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