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c Facultad de Ciencias Quı́micas, Universidad de Concepción, Chile

Received 18 December 2007; accepted 5 February 2008
Available online 14 February 2008

bstract

Kinetics of the hydrogenation of citral and its intermediates over Ir/TiO2/SiO2 catalysts has been studied. The effect of various parameters such
s the initial concentration, H2 pressure partial, temperature and weight of catalyst were examined. A high selectivity towards unsaturated alcohols
sing this catalyst was demonstrated. The initial rates increased linearly with the catalyst weight. The reaction rate obeys a kinetics represented

y the Langmuir–Hinshelwood model. A single site model suggesting the surface reaction as the rate determining step provided the best fit of the
xperimental data for the hydrogenation of citral and alcohols (geraniol, nerol and citronellol), while a dual site represent the best kinetics for the
ydrogenation of citronellal.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The kinetic studies reveal the relative adsorption strength
etween reactant and different products. The usual reaction
inetic model, such as Langmuir–Hinshelwood (L–H) is used
or these studies, but it is evident that if the reaction is struc-
ure sensitive (activity and selectivity dependent of the particle
izes or surface-active) can change the reaction mechanism [1].
ot only activity, but also selectivity depends on the reaction
arameters, for instance the product selectivity can vary with
ifferent initial reactant concentrations. The reactant structure
nd the nature of the support can affect the reaction order with
espect to the reactant. Thus, the strong metal support interac-
ion (SMSI) effect has a large impact on the reaction kinetics
ydrogenation [2].

Hydrogenation reactions of �,�-unsaturated aldehydes to

heir corresponding unsaturated alcohol are a class of reactions
hat posses a high value in the fine chemistry. The main difficulty
s to hydrogenate selectively the carbonyl group, keeping intact
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he C C double bond, which is easily hydrogenated over most
onventional catalysts to give saturated aldehydes as the primary
roducts [3,4]. It is well known that supports able to produce the
ffect SMSI generate an important enhancement in the activity
or the hydrogenation of C O group, when are submitted at high
emperature reduction (HTR: 773 K). Reyes et al. [5,6] found a
arked shift in activity for the hydrogenation of C O group of

itral over Ir/TiO2 and Ir/TiO2/SiO2 HTR catalysts. The reduc-
ion at high temperature leads to a surface decoration of the
ridium metal crystallites by TiOx species, contributing to the
olarization of the carbonyl group, C O, and they make easier
he hydrogenation of citral to produce corresponding unsaturated
lcohols: geraniol and nerol.

It has been showed that often, reaction order with respect to
he substrate is zero for the unsaturated molecules; in agreement
o Langmuir–Hinshelwood kinetic law [7]. Singh and Vannice
2] in the hydrogenation of citral over Pt/TiO2–HTR catalysts
ave found a negative first-order and near zero-kinetic order for
he initial rate of citral hydrogenation catalysts with respect to

itral concentration and hydrogen pressure, respectively. Con-
ersely, the kinetics of liquid phase hydrogenation of citral
howed for Reyes et al; displayed a negative near second-order
ependence on citral concentration and near first-order depen-

mailto:preyes@udec.cl
dx.doi.org/10.1016/j.molcata.2008.02.001
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ence on hydrogen pressure; the reaction kinetics was described
y a conventional Langmuir–Hinshelwood treatment [5]. Tia-
en et al. [8] formulate the kinetic of citral hydrogenation on a
i/Al2O3 catalyst, under the conditions studied; being citronel-

ol the primary reaction product, but the extent of formation
f this unsaturated alcohol was lower. A model involving com-
etitive and fast adsorption steps as well as rate-determining
ydrogenation steps was proposed. Yilmaz et al. [9] have stud-
ed the kinetics of citral hydrogenation over Pd supported on
linoptilolite rich natural zeolite. This support did not favor
he production of the unsaturated alcohol, being citronellal the
rincipal product, close to 90% at complete conversion of citral.

The experimental reaction order with respect to hydrogen
ressure gives information for proposing a kinetic model. The
eaction order with respect to hydrogen in hydrogenation reac-
ion is often close to one for citral [7], cinnamaldehyde [10]
nd acetophenone [11] hydrogenation, which indicates weakly
onded hydrogen on the metal surface. Zero-order dependence
n the initial reactant concentration was observed for cin-
amaldehyde hydrogenation over Pt/SiO2 catalyst in ethanol at
0 ◦C and 2.9 MPa hydrogen [12]. Slightly negative order close
o zero was observed in citral hydrogenation in hexane over sev-
ral monometallic Pt catalysts supported on SiO2 or TiO2 [1],
hereas the reaction order over Pt/TiO2 catalyst with respect

o citral was 0.9, it is consistent with a kinetic equation includ-
ng the CO surface coverage [7]. Carbon monoxide originated
rom the decarbonylation reaction, inhibits the hydrogenation
eaction. It has been reported that the selectivity to unsaturated
lcohols change with the initial concentration of the reactant.
hus, in cinnamaldehyde hydrogenation over Pt/SiO2 in ethanol
t 50 ◦C and 2.9 MPa of hydrogen [10] and over Pt/C monolith in
oluene at 30 ◦C and 5 MPa, where selectivity to cinnamyl alco-
ol increases in parallel to an increase in the initial concentration
f cinnamaldehyde. This effect might be explained by different
dsorption mode of cinnamaldehyde at higher initial reactant
oncentrations namely the self-assembling of the aromatic ring
referring the end-on adsorption.

Taking in account that the supported oxides TiO2/SiO2 has
een used as catalysts and supports for different reactions [6,13]
ecause this system are very promising for metal catalyst prepa-
ations and investigation of various aspects of SMSI effect,
ecause at low concentration Ti ions may be considered as iso-
ated and immobilized in the SiO2 matrix [14]. One method
or dispersing titania on oxide supports is via grafting, that
nvolve the reaction of hydroxyl groups on a silica surface with

etal precursors such as titanium alkoxide [6,15,16]. How-
ver, in supported metals on these oxides, the SMSI effect
nly has been observed with high titanium content and a well-
efined anatase crystalline phase [16]. This behavior also was
ound for Ir/TiO2/SiO2 catalysts [6] with the advantage of the
igh surface area titania, which is desirable to disperse the
etal and increase their activity. The aim of this work is to

escribe the kinetics for these catalysts in hydrogenation reac-

ions of citral, geraniol, nerol, citronellal and citronellol using
he Langmuir–Hinshelwood treatment. The effect of citral con-
entration was studied in the concentration range from 0.025
o 0.1 M; hydrogen partial pressure in the range from 0.20 to
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.62 MPa; reaction temperature between 323 and 363 K; and
he catalyst weight, ranged from 0.1 to 0.3 g.

. Experimental

.1. Synthesis and characterization of Ir/TiO2/SiO2 (Ir/G)

Titanium isopropoxide (Aldrich, reagent grade) was dis-
ersed in toluene (150 mL) and added on aerosil silica
Syloid-266-Grace Davidson) which was activated at 423 K
nder vacuum. The resultant mixture was stirred for 16 h under
nert atmosphere at solvent reflux temperature. Then, the mod-
fied silica was filtered, washed with toluene, ethyl ether and
eionized water. The resulting solid was dried for 5 h under
acuum at 423 K. The same procedure was repeated with the
btained sample to produce a Ti enrichment. Thus, after three
ycles a TiO2 loading of 24 wt.% was achieved. This solid was
mpregnated with an aqueous solution of H2IrCl6 to give an Ir
oading of 1 wt.%. The impregnated solids were dried at 343 K
or 6 h, calcined in air at 673 K during 4 h and reduced at 773 K
HTR) for 2 h, to get Ir/TiO2/SiO2 HTR catalysts.

.2. Characterization

Nitrogen adorption at 77 K and hydrogen chemisorption at
98 K were carried out in a Micromeritic ASAP 2010 apparatus.
articles size was determined by TEM micrographs obtained in
EOL Model JEM-1200 EXII.

.3. Activity measurements

The citral used in the present study was provided by Merck
>98%, mixture of E- and Z-isomers having a molar ratio 65:35).
eactions were conducted in a batch reactor at a constant stir-

ing rate (1000 rpm) batch. To carry out the kinetic study over the
atalysts (Ir/TiO2/SiO2 HTR) only one variable was modified in
ach experiment, keeping constant all the others variables. The
ffect of citral concentration was studied in the concentration
ange from 0.025 to 0.1 M in heptanes (Fluka >99%); hydrogen
artial pressure in the range from 0.20 to 0.62 MPa; reaction
emperature between 323 and 363 K; the catalyst weight, ranged
rom 0.1 to 0.3 g. In all the reactions, internal diffusion limita-
ions were also shown to be absent by applying the Weisz–Prater
arameter, which gave a maximum value of 0.18 [17]. Therefore,
ll these results indicate the absence of any transport limita-
ions from the kinetic data included in this paper. The absence
f oxygen was assured by flowing He through the solution,
s well as when the reactor was loaded with the catalyst and
eactants at atmospheric pressure during 30 min. Prior the exper-
ment, all catalysts were reduced in situ under hydrogen flow of
0 cm3 min−1 at atmospheric pressure and temperature of 363 K.
lank experiments showed no catalytic activity due to the sup-
orts under these conditions. Reaction products were analyzed

n a GC-Varian 3400 furnished with an HP Wax column of 30 m
nd 0.53 mm I.D. The GC analysis was performed using a flame
onization detector, using He as carrier, and the column was kept
t a constant temperature, 393 K. Under these analytical condi-
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Table 1
Characterization results of Ir/TiO2/SiO2 catalyst

% de TiO2 24
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Fig. 2. Unsaturated alcohol conversion as a function of time over Ir/TiO2/SiO2
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TEM (nm) 1.3
/IrQuim 0.017

ions, the retention time of the reported reactants and products
ere: citronellal, 15 min; citral (E), 21.2 min; citral (Z), 23.7;
erol, 31.2 min; geraniol, 36.5 min; citronellol, 33.5 min.

. Results and discussion

.1. Characterization

Table 1 summarizes the characteristics of the catalyst studied.
he TEM micrographs showed a narrow metal particle size dis-

ribution being the average crystal size of 1.3 nm. On the other
and, H2 chemisorption revealed a H/Ir ratio of 0.017 indicative
f a substantial coverage of the metallic particles by partially
educed species of the support, due to the SMSI effect as has
een reported previously [6].

Catalytic studies were performed in a batch reactor using
nder standard condition at 363 K and 0.2 g of catalysts mean-
hile either the concentration of substrate or the hydrogen
ressure were varied.

.2. Effect of the initial concentration of citral and
ntermediaries

The effect of concentration citral on the rate was examined
y using four different concentrations of citral (0.025, 0.050,
.075 and 0.1 M). Fig. 1 displays typical concentration–time
lot of citral hydrogenation over the catalyst studied at constant
ydrogen pressure (0.62 MPa), temperature (363 K) and weight
f catalyst (0.2 g). It can be seen that the main products in cit-
al hydrogenation over Ir/TiO2/SiO2 catalysts were geraniol and

erol which corresponding to the hydrogenation products of the
arbonyl function, and in minor extension, citronellal and cit-
onellol. For citral hydrogenation, the selectivity to any product
oes not change with the reaction time. The catalyst keeps the

ig. 1. Citral conversion as a function of time over Ir/TiO2/SiO2 catalysts: (�)
itral; (�) geraniol + nerol; (�) citronellal; (�) citronellol.
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atalysts: (�) (a) geraniol and (b) nerol; (©) citronellol; (�) others (cis-3,7-
imethyl-2-octenol + 3,7 dimethyl-octane).

igh selectivity towards the unsaturated alcohol. This is facili-
ated by the enhanced reaction rate to the formation of geraniol
ver Ir/TiO2/SiO2 (HT) that inhibits secondary reactions lead-
ng to citronellol and citronellal which may be a consequence
f an alteration in competitive adsorption which prevents the
e-adsorption of these molecules.

The hydrogenation of unsaturated alcohols of citral hydro-
enation also was studied over the same range of concentrations
f 0.025 to 0.01 M. The results of hydrogenation for geraniol
Fig. 2a) demonstrated that the reaction produced only cit-
onellol which is rapidly transformed to 3,7-dimethyl-octanol,
specially when the concentration feed of geraniol, is lower;
eing the selectivity affected by this factor, intrinsically related
ith adsorption mode of the molecule. For nerol hydrogena-

ion (Fig. 2b) the main products were citronellol and others
roducts such as cis-3,7-dimethyl-2-octenol and 3,7 dimethyl-
ctane, however, these compound traces are produced mainly
ith the increases in the substrate concentration, indicating that

t is possible to hydrogenate the double bond at the position C2
r C7. The formation of citronellal via isomerization of nerol
as not observed. This is consistent with the results reported
y Singh et al. [18], who observed negligible isomerization of

erol to citronellal.

With regard to the citronellal hydrogenation the main prod-
cts were isopulegol and citronellol which corresponding to
he cyclization of the ring and the hydrogenation of the car-



H. Rojas et al. / Journal of Molecular Cata

F
(
d

b
3
w
o
o
i
o
d
o

t
i
l
s
o
t
i
e
g
c
l
i
a
d
a
a
o
I

i
a
w
w
e
i
l
[
s
a
d
a

a
0
c
o
a
i
i
g
r
m
T
a
u
o

3

0
c
t
t
t
u
a
m
l
c
(

3
p

t
i
f
c
e

ig. 3. (a) Citronellal conversion as function of time over Ir/TiO2/SiO2 catalysts:
�) citronellal; (©) citronellol; (�) isopulegol; (�) 3,7-dimetil-octanal; (�) 3,7
imethyloctan-1-ol. (b) Citronellol conversion.

onyl function, respectively (Fig. 3a). Other products such as
,7-dimethyl-octanal,3,7-dimethyl-octanol were also detected
hich can be produced as result of incomplete hydrogenation
f citronellol. Recent reports [19] have suggested the possibility
f citronellal cyclization to isopulegol due to the Brönsted acid-
ty. Fig. 3(b) displays the selectivity during the hydrogenation
f citronellol which is very selective for producing mainly 3,7-
imethyl-octanol. A summary of the reactions which take place
ver Ir/TiO2/SiO2 is displayed in Fig. 4.

An increase in the activity as well as the concentration of
he substrate decreases was observed for all molecules (Fig. 5),
t is in accordance with LH adsorption kinetics, in which at
ow concentrations the fractional occupancy of the catalyst
urface increases linearly with the concentration and activity
f the solutions. At higher reactant concentrations, however,
he surface is almost fully occupied and the activity becomes
ndependent of concentration initial of the molecule [20]. How-
ver, it can be observed in Fig. 5, that the conversion of
eraniol, nerol and citronellol is lower that citronellal and
itral, therefore the order of reactivity over Ir/TiO2/SiO2 cata-
yst is: citronellal > citral > citronellol > nerol > geraniol, which
s explained considering that the Ir/TiO2/SiO2 catalyst possesses
ctive sites in which the metallic component exhibits a partial
ecoration by the creation of Irδ+ species, and this sites are more

ctives in the polarization of the C O bond [6]. The lower cat-
lytic activity and lower final conversion of nerol and geraniol
ver this catalyst can be explained due to the catalyst also present
r◦ sites in a minor proportion.
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Because of the complexity associated with catalytic reactions
t is convenient that a study of the relative reaction rates be
pproached in the simplest way. Accordingly, only initial rates
ere considered in this work. To evaluate the reaction order
ith respect to the reagent concentration, the reaction rate was

xpressed as r0 = kr(PH2)m[R]n
0, and working at constant PH2

n an excess of H2, the equation can be write as: r0 = kr[R]m
0 . By

ogarithmic correlation a plot of log r0 against log [R]0, where
R]0 is the initial substrate concentration were obtained, from the
lope at time near zero, and the initial reaction rate (r0) expressed
s (TOF)0 were evaluated (Fig. 6). At initial reaction rates, the
ependence of citral concentration is near zero-order indicating
strong adsorption of the molecule on the metallic surface.

The effect of the hydrogen pressure on the hydrogenation
ctivity was studied by varying the partial pressure (0.20 to
.62 MPa), keeping constant the citral and intermediaries con-
entration (0.1 M) and the catalyst weight (0.2 g) at a temperature
f 363 K. The results are shown in Fig. 7. It can be seen that the
ctivity increases as hydrogen pressure increases. The selectiv-
ty was not affected by the pressure changes. After obtaining the
nitial reaction rate, an appropriate plot, log ro versus log hydro-
en pressure (Fig. 8), allows obtaining the reaction order with
espect to hydrogen. For citral, nerol and geraniol, an experi-
ental order in hydrogen of approximately 0.5 was observed.
his value of order implies involves one adsorbed hydrogen
tom that it is originated from dissociative adsorption of molec-
lar hydrogen, in accordance with obtained results described for
ther reactions [5].

.3. Effect of the weight of catalyst

The effect of the catalyst weight was studied using 0.1, 0.2 and
.3 g of catalyst, while keeping constant the other experimental
onditions. The results indicate an increase in the conversion as
he catalyst weight increases (Fig. 9). A linear dependency in
he initial reaction rate with the catalyst weight demonstrated
hat the mass transfer effects does not play a significant role
nder the used experimental conditions due to behavior observed
lso the liquid-side mass-transfer coefficient and liquid–solid
ass-transfer were minimized by the high turbulence in the

iquid phase (agitation to 1000 rpm) and avoid the intraparti-
le mass-transfer resistance using a small catalyst particles size
<100 �m).

.4. Kinetic modeling of citral and their hydrogenated
roducts

The hydrogenation of �,�-unsaturated aldehydes is poten-
ially a complex combination of series and parallel reactions, as
t has been reported in the literature [1–8]. The results showed
or Ir/TiO2/SiO2 catalyst in the citral hydrogenation at high
onversion levels and selectivity towards unsaturated alcohols
specially due to SMSI effect that present this type of supports

6]. The hydrogenation of unsaturated alcohols was lower, which
an be attributed to the fact that Irδ+ species are less active
ompared to the metallic Ir0 sites in the hydrogenation of C C
ond.
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rmediaries during the hydrogenation reaction.
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Table 2
Elementary steps for L–H models of citral hydrogenation and their hydrogenated
products

Mechanism I Mechanism II

H2 + 2S
k1�
k−1

2SH H2 + 2S1
k3�
k−3

2HS1

R + S
k2�
k−2

RS R + S
k2�
k−2

RS

RS + HS
k3�
k−3

RHS RS + 2HS1
k3�
k−3

RH2S + 2S1
Fig. 4. Reaction network of citral and inte

To explain the results obtained in the citral hydrogenation
nd their hydrogenated products, two Langmuir–Hinshelwood
odels were proposed (Table 2); a first mechanism of a single

ite described by Vannice [1,10,18] with competitive adsorption
etween hydrogen and the organic compounds, and addition of
he second hydrogen atom to each reactant as the rate determin-
ng step (RDS). The difference between models I and II is that
n model II the reactions occur on different sites with different
dsorption parameters.

Where S is an active site and S1 is a second active site
n the second mechanism proposed. R is the organic reac-
ant. RH2 is the hydrogenated product. H-S, R-S, RHS and

H2S are the adsorbed hydrogen, adsorbed organic species,
dsorbed half-hydrogenated organic species and adsorbed
roduct, respectively. In each model it was considered that
he hydrogen shows dissociative adsorption, and that hydro-

R

R

HS + HS
k4�
k−4

RH2S RH2S
k4�
k−4

RH2+S

H2S
k5�
k−5

RH2 + S
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F
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F
l
(

ig. 5. Effect of the initial concentration on hydrogenation of (a) citral, (b) geraniol, (c
atalysts: (�) 0.1 M; (©) 0.075 M; (�) 0.05 M; (�) 0.025 M.

ig. 6. Hydrogenation of different substrates on Ir/TiO2/SiO2 catalyst; plot
og TOF vs. log (TOF)0. (�) Citral; (�) geraniol; (�) nerol; (©) citronellal;
�) citronellol.
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) nerol, (d) citronellal and (e) citronellol, as a function of time over Ir/TiO2/SiO2

enation surface reactions are all irreversible, the surfaces
eactions were considered as rate determining step, whereas
dsorption and desorption were considered to be in quasi-
quilibrium.

For citral hydrogenation, the selectivity to any product does
ot change with the reaction time, which can indicate that hydro-
enation of nerol and geraniol to citronellol, are negligible
nder the citral hydrogenation reaction conditions. Hydrogena-
ion reactions at 363 K showed that addition of the unsaturated
lcohols (geraniol and nerol) as well as citronellol to the reac-
ion mixture at the beginning of reaction had no effect on the rate

f reaction and for this reason the product term (

∑
KRH2CRH2)

n the denominator in rate expressions was omitted. In agree-
ent of the mechanisms proposed the rate expression can be
ritten as is displayed in Table 3.where Lk is the rate con-
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F
I

F
a

ig. 7. Effect of hydrogen partial pressure on hydrogenation of (a) citral, (b) nerol, (c) geraniol, (d) citronellal and (e) citronellol, as a function of time over
r/TiO2/SiO2 catalysts: (�) 0.62 MPa; (©) 0.48 MPa; (♦) 0.34 M; y (�) 0.20 MPa.

ig. 8. Effect of hydrogen partial pressure in the hydrogenation reactions over
Ir/TiO2/SiO2 catalyst; plot log (pH2) vs. log (TOF)0.

Fig. 9. Effect of the weight of Ir/TiO2/SiO2 catalyst in hydrogenation reactions:
(�) citral; (�) geraniol; (�) nerol; (©) citronellal; (�) citronellol.
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Table 3
Rate expressions for the mechanisms proposed

Model I r1 = Lkr1KRHKH2 CRpH2

[1 + KRCR + K
1/2
H2

pH2]
2

M

s
K

t
s
e
i
t
e
c
c

e
u
t
b

F
c
h

c
o
p

T
O

S

C

C

C

G

N

T
T

S

C
C
G
N
C

odel II r1 = Lkr1KRKH2 CRpH2

[(1 + KRCR)(1 + K
1/2
H2

pH1/2
2 )]

2

tant for the substrate hydrogenation on the surface and KR and
H2 are the equilibrium adsorption constants. The values of

he rate constants were determined using a non-linear regres-
ion program with an iterative Gauss–Newton method of the
xperimental concentration versus time profiles of the chem-
cal species involved in the reaction. The objective function
o be minimized was RSS =

∑
(C* − Ccalc)2 where C* is the

xperimental relative concentration, Ccalc is the relative con-
entration calculated with the model, at a reaction time with i
omponents.

The estimated parameters of Lk, KR and KH2 for the different

xpressions at various temperatures (Table 4) were calculated
nder the restriction that the three parameters must be posi-
ive [21–23]. To evaluate the validity of the rules established
y Boudart and Vannice [24,25] the fitting parameters were

m
T
t

able 4
ptimized rate parameters for the hydrogenation of citral and intermediaries at differ

ubstrate Temperature (K) Lk (�mol min−1 g cat−1)

itral model 1 323 1.8
343 4.9
353 6.9
363 10

itronellal model 2 323 2.6
343 4.3
353 6.4
363 11

itronellol model 1 323 0.2
343 0.7
353 1.2
363 2.7

eraniol model 1 323 1.09
343 1.74
363 2.13

erol model 1 323 0.92
343 1.18
363 1.93

able 5
hermodynamic parameters for adsorption KR from expression of model II for differ

ubstrate (R) Eap (kcal mol−1) �HR (kcal mol−1) �

itronellal 8 −9 −2
itral 10 −5 −1
eraniol 3.9 −2.6 −
erol 4.2 −20 −
itronellol 14 −12 −4
ig. 10. Comparison of predicted concentrations (model II) with experimental
oncentrations at various temperatures and reactant concentrations for citral
ydrogenation.

onsidered, consequently the k obtained should follow the
rder kcitronelal > kcitral > kcitronelol > kgeraniol > knerol for all tem-
eratures studied.
The sum of the residual squares as the variance gives infor-
ation about the quality of the fit of the models proposed.
hus the comparison of the RSS or the variance indicates for

he hydrogenation of citral, geraniol, nerol and citronellol that

ent temperatures, RSS and variance for the LH model selected

KR (atm−1) KH2 (atm−1) RSS Variance

0.48 1.17 3.08 × 10−5 3.69 × 10−4

0.26 0.91 5.78 × 10−6 7.01 × 10−4

0.24 0.38 2.53 × 10−6 9.64 × 10−4

0.18 0.24 1.01 × 10−6 1.01 × 10−4

1.87 0.23 1.55 × 10−5 9.78 × 10−4

1.1 0.17 1.20 × 10−5 5.45 × 10−4

0.67 0.21 4.80 × 10−6 3.20 × 10−4

0.37 0.18 1.69 × 10−6 3.34 × 10−4

0.09 0.99 2.10 × 10−6 3.45 × 10−6

0.06 0.94 5.24 × 10−6 5.87 × 10−6

0.02 0.37 5.81 × 10−6 3.93 × 10−6

0.01 0.2 3.42 × 10−6 2.33 × 10−6

0.55 1.84 2.39 × 10−6 3.26 × 10−4

0.4 0.5 7.66 × 10−6 4.26 × 10−6

0.35 0.41 9.49 × 10−6 5.39 × 10−6

0.51 1.75 1.15 × 10−6 5.4 × 10−6

0.47 1.03 2.16 × 10−6 2.61 × 10−6

0.36 0.47 1.4 × 10−6 4.9 × 10−6

ent substrates

SR (kcal mol−1) �HH2 (kcal mol−1) �SH2 (kcal mol−1)

6 −11.4 −6.5
8 −9.4 −28
9.4 −7.6 −22.4
7.5 −8.9 −26.5
3 −9.2 −28
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echanism I based on single site gives the best fit to the exper-
mental data. A comparison of the concentrations predicted by
his model and the experimentally observed concentrations for
itral hydrogenation is shown in Fig. 10. The predicted values are
n reasonable agreement with each other. While the model II was
onsidered the best model for representing the hydrogenation of
itronellal.

From the kinetic parameters obtained at different tempera-
ures, the activation energy for the rate determining step and
he enthalpy and entropy of adsorption for citral and each reac-
ant were determined. These values are listed in Table 5. The
nthalpies and entropies of adsorption for citral, citronellal,
eraniol, nerol and citronellol were estimated over the range
f temperatures studied. The enthalpies of adsorption are nega-
ive, as they should be, and the entropies of adsorption are also
egative and quantitatively satisfy guidelines established indi-
ating their thermodynamic consistency [21,22]. This does not
rove that the reaction mechanisms proposed are correct, but it
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. Conclusions

The kinetics of the hydrogenation of citral and intermediaries
ere described using a Langmuir–Hinshelwood model. A sin-
le site model can describe satisfactorily the kinetics for citral
ydrogenation as well as the hydrogenation of geraniol, nerol
nd citronellol. For citronellal the model II with the assumption
f dual site gives the best fit to the experimental data. Both mod-
ls present thermodynamic consistency. Ir/TiO2/SiO2 catalyst
ossess a high proportion of active sites in which the metallic
omponent exhibits a partial decoration with the creation of Irδ+

pecies, which are more active in the polarization of the C O

ond. The lower catalytic activity and lower final conversion in
he nerol and geraniol hydrogenation over this catalyst can be
ttributed to the fact that this catalyst displays a low proportion
f Ir◦ sites.
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