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Abstract

In this study, citral hydrogenation reaction in liquid phase over silica gel sup-
ported Pt catalysts was investigated. It was desired to hydrogenate carbonyl group
selectively to produce valuable unsaturated alcohols, namely geraniol and nerol.
Pt/S102 catalysts were prepared by impregnation method. The effects of param-
eters investigated in the present study included Pt precursor type (hexachloro-
platinic acid (HCLPA), platinum II acetylacetonate (PAA)), catalyst activation
temperature (350°C and 450°C), catalyst activation without calcination, catalyst
washing with 0.1 M NaOH and solvent type (ethanol, 2-pentanol). The catalysts
activities and selectivities were affected by the type of precursor and activation
temperature. The maximum citral conversion (89.50 percent) was achieved at
lower activation temperature (350°C) with PAA precursor based catalyst. It was
observed that higher activation temperature provided lower citral conversion but
higher selectivity to unsaturated alcohols; increasing the activation temperature
to 450°C decreased citral conversion to 26.10 percent. But selectivity to unsatu-
rated alcohols, geraniol and nerol, increased from 7.06 to 54.60 percent. Catalyst
washing and 2-pentanol prevented acetal formation. Catalyst activation without
calcination gave lower citral conversion (20.84 percent) and selectivity to unsatu-
rated alcohols (30.00 percent).
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Introduction

Hydrogenation is the chemical reaction that results from the addition of hydrogen
(Hz) to double or trible bonds in hydrocarbons. Important -applications of
hydrogenation are found in petrochemical industries (e.g. in manufacturing of
gasoline), pharmaceutical industries (e.g. in drug processing), food industries
(e.g., in the production of edible fats from liquid oils). For the hydrogenation
reaction, catalysts are required to carry out the reaction at low temperatures. Non-
catalytic hydrogenation occurs at high temperatures.

Citral is the most important component of the lemon grass oil which has
three hydrogenation sites. These hydrogenation sites are isolated C=C double
bond, conjugated C=C double bond and a carbonyl group (C=O). Citral
hydrogenation is a complex reaction, including series and parallel reactions as
seen in Figure 1. Unsaturated alcohols (UA) (geraniol and nerol) are the most
important products of the citral hydrogenation reaction. These are used in
perfumes, fragrances and pharmaceuticals. Although there are many types of
hydrogenation reactions, unsaturated alcohols are produced by selective
hydrogenation. Citral hydrogenation reaction on metal catalysts provides saving
chemicals, reducing wastes and protecting environment (Hajek et al., 2003,
Vilella et al., 2005).

Recently many works have been reported for developing catalytic systems
with improved selectivity to the unsaturated alcohol. Tthe selectivity to
unsaturated alcohol is governed by different factors: nature of the active metal
(Ru (Galvagno et al., 1993) Pt, Pd, Ru, Rh and Co (Singh et al., 2001) and support
(Si0; (Singh et al., 2001), Al,O; (Aumo et al., 2002), Clinoptilolite (Yilmaz et
al.,2005), Na-Y (Aykag et al., 2008), carbonaceous materials (activated carbon,
activated carbon felt, graphite (Vilella et al., 2005, Bachiller-Beaza et al.,2001),
TiO, (Silva et al. 1997), ZnO (Consonni et al. 1999)) and presence of promoters
(Fe (Aramendia et al., 1997) and Sn (Aykac et al., 2008) or bimetallic phases
(Consonni et al., 1999). Singh et al. (2001) examined activity and selectivity of
different metals loaded on to SiO,. They reported that Pt was selective to
unsaturated alcohols formation. In general it can be stated that oxide supports can
provide stronger interactions with the main metal than carbon. Additionally, the
full reduction of the metal might be more difficult on an oxide than on carbon
(Maki-Arvela et al., 2005).

Catalyst precursor type, activation temperature and solvent type have also
been found to affect product distribution obtained in citral hydrogenation.
Silvestre-Albero et al. (2006) compared the surface characteristics and catalytic
behavior of Pt—Zn/CeO, catalysts prepared from different platinum precursors:
H,PtCls as a chlorinated precursor and Pt(NH;3)4(NO;3), as a chlorine-free
precursor. Cl containing catalysts increased hydrogenation of carbonyl group. The
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role played by chloride ions on the redox properties of cerium dioxide is well
known.

Consonni et al. (1999) found that activities and selectivities of the catalyst
differed depending on the Pt precursor used. H,PtClg precursor was found to form
Pt-Zn alloy and its chlorine increased selectivity to unsaturated alcohol. But with
Pt(NH3)4(NOs),, Pt dispersed well over ZnO support and did not form any alloy.
Activation temperature was found to effect activity and selectivity. Increasing it
from 200 to 400 °C decreased activity and increased selectivity over catalyst
prepared from Pt(NH3)4(NOs), precursor. However, high selectivity observed
whatever the reduction temperature for H,PtCle. Accordingly, in a study by
Ammari et al (2005) Pt catalysts prepared from platinum chloride precursor were
found to be more selective toward the hydrogenation of C=0O than analogous
catalysts prepared from tetraammine platinum nitrate.

Serrano-Ruiz et al. (2007) studied effect of activation temperature on
product distribution using Pt/CeO,-C catalyst. They used hexachloroplatinic acid
(H,PtClg) as Pt precursor, isopropanol as solvent and 200 °C and 500 °C as
reduction temperatures. Pt interacted with CeO,. They concluded that selectivity
to UA increased from about 5.5 to 16.0 % as activation temperature increased.
But catalyst activity decreased. Even they used hexachloroplatinic acid (HCLPA)
as Pt precursor, low acetal formation was reported.
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Figure 1. Reaction scheme for citral hydrogenation.
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Acetal and isopulegol formation are reported to take place on acid sites on
the support (Vilella et al., 2005, Maki-Arvela et al., 2002). In their study on
suppression of side reactions, Maki-Arvela et al. (2002) found that acetalization
could be suppressed either by using chloride-free catalyst precursors and other
supports than active carbon or by using longer chained alcohols, like 2-pentanol
and 2-methyl-2-propanol as solvents. Citronellal cyclization increased with the
increasing solvent hydrophobicity. The solvent effects include the solubility of
hydrogen in the reaction medium, the competitive adsorption of solvent on the
catalysts, and the intermolecular interaction between the reactant and the solvent
molecules (Chiang et al. (2007)). The role of solvent in citral hydrogenation was
studied by Chiang at al. (2007). Non-polar (cyclohexane and hexane) showed
higher activities and selectivities to unsaturated alcohols than polar solvents
(ethanol and methanol). Aykac et al. (2008) used platinum (II) acetyl acetonate
(C10H1404Pt, PAA) as Pt precursor type and ethanol as solvent. They reported low
amount of acetal formation. Chloride precursor has been shown to favor
acetilization (Aumo et al., 2002). No acetals were formed when Pd catalysts
prepared from nitrate precursor.

Thus, understanding factors affecting citral hydrogenation is very
important. In this study, citral hydrogenation reaction in liquid phase over Pt/SiO,
was examined. The effects of parameters on catalyst activity and selectivity
studied included Pt precursor type (HCLPA and PAA), catalyst activation
temperature (350 °C and 450 °C), catalyst activation without calcination, catalyst
washing with NaOH solution and solvent type (ethanol, 2-pentanol).

2. Experimental
2.1. Preparation of catalysts

Silica gel (Davisil, grade 643, 200-425 mesh, 150 A, purity > 99 %, Sigma
Aldrich, 236810) was used as a support. Citral (Fluka, 27450, purity ~ 97 % (cis
37 %, trans 60 %)) was used as a reactant. Cyclohexanone (purity 99 %, A.C.S.
reagent, Sigma Aldrich (398241)) was used as an internal standard. Pt precursor
sources were hexachloroplatinic acid hydrate (Fluka, 81080, purity ~38 % Pt) and
platinum (IT) acetyl acetonate (Fluka, 81030)). Two types of solvent were used to
determine the appropriate solvent for citral hydrogenation reaction: ethanol (J.T.
Baker, 8228) and 2-pentanol (Merck, 8.07501.0500).

Pt/SiO, catalysts were prepared by impregnation method. Prior to
impregnation, silica gel (37-74 um) was calcined at 500 °C for 6 h under dry air
flow of 70 ml/min. Calcined silica gel was added to 100 ml of aqueous Pt solution
and then mixed at room temperature for 24 h. Pt loading over silica gel support
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was 1 % (w/w). The mixed solution was put into the rotary evaporator and the
excess water was evaporated at 60 °C under 200 mbar vacuum for 3 h at 50 rpm.
The obtained material was dried at 110 °C for 12 h in an oven. Finally, it was
calcined at 500 °C for 6 h under flowing dry air (70 ml/min).

2.2. Characterization of catalysts

Prepared catalysts were characterized using different instrumental techniques. X-
ray diffraction (Philips X Pert Pro with Cu Ko radiation) was used to determine
crystallinity of the catalysts. Textural properties were determined by and nitrogen
adsorption (Micromeritics ASAP 2010). Elemental analysis was determined by
Varian-96 Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-
AES) with fusion dissolution method. The morphology of the catalysts was
determined by scanning electron microscopy (Philips SFEG 30S SEM).

The acidity of the catalysts was determined by Temperature-Programmed
Desorption of Ammonia (NH3-TPD) method using Micromeritics AutoChem II
Chemisorption Analyzer instrument.

Temperature-programmed reduction (TPR) was carried out using the
apparatus used for NH3-TPD measurements. The catalyst samples were outgassed
at 150 °C for 1 h and then cooled to 40 °C under Ar flow of 70 ml/min. TPR
profiles were registered while heating the samples from 40 °C to 800 °C by 10
°C/min heating rate under 50 ml/min flow of 10 % H,-Ar mixture.

H, chemisorption was performed using the same apparatus for acidity
determination. The catalysts were heated under Ar flow of 50 ml/min to 150 °C
where it was kept for 150 min. And then flow was changed to H, and temperature
was raised to 200 °C with a heating rate of 3 °C/min and kept there for 30 min.
After that they were heated with the same heating rate to 450 °C where it was kept
for 2 h. This was followed by Ar flow of 50 ml/min at the same temperature for
90 min. The catalysts were then cooled to 40 °C and waited for 60 min. After that
pulses of 0.250 ml H,-Ar (10 % H; in Ar) were injected until consecutive pulses
of equal areas of peaks were obtained from the TCD detector.

2.3. Catalyst Testing

Citral hydrogenation reaction was carried out in a semi-batch reactor (500 ml,
4574 model, Parr Instrument Co.) equipped with an electrical heater and
temperature controller. Before the reaction, 250 mg of catalysts were placed in the
reactor and reduced (activated) in situ at 350 or 450 °C for 4 h under flow of H, at
4 bar. Then the reactor was cooled to reaction temperature and stored overnight
under H; at 2 bar. The reactions were carried out at constant hydrogen pressure of
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6 bar at 80 °C with a stirring rate of 1000 rpm. The reaction was started by the
injection of 0.1 M citral (250 ml ethanol) in to the reactor. Samples taken from the
reactor were analyzed with an Agilent Technologies 6890N Network GC System
Gas Chromatograph equipped with a flame ionization detector (FID) and a
capillary column DB-225. Hydrogenation products of citral were identified by
GC-MS technique (Agilent 6890N/5973N Network GC/MSD System). The
compositions of components in the reaction mixture were determined by the
internal standardization method.

3. Results and Discussion

3.1. Catalyst Characterization

The X-ray diffraction analysis of calcined silica gel and Pt/SiO, catalysts were
performed at 20 degree of 5 to 90. This analysis showed that Pt/SiO, catalyst had
an amorphous structure. Moreover, Pt characteristic peaks were not observed
which was attributed to low active metal loading (1 % w/w).

SiO, gel having particle size ranging from 37 to 74 um were taken for
catalyst preparation. SEM analysis showed that SiO, gel after being calcined had
approximately 50 um average particle size and they were like pieces of particles.

Textural properties of the support and the catalysts are given in Table 1.
Calcined SiO, gel was found to have a BET surface area of 320.7 m*/g. Pt loading
from PAA precursor increased the surface area to 359.1 m*/g. However, HCLPA
use increased surface area significantly. This was mostly due to increase in the
external surface area. Catalysts had mesopore pore structure.

HCPLA based catalyst was found to have 0.30 % Cl, which was
determined by ion chromatography. NH;-TPD findings showed that the catalysts
did not have any significant acidity; they were very very low compared to H-FER.

Figure 2 shows the temperature-programmed reduction profiles of the
catalysts. The hydrogen consumption peak was consequence of a reduction
process of the metallic oxides on the support obtained after calcination. Both
catalysts showed reduction peaks centered at around 100 °C and 280 °C. But there
were Pt reduction at higher temperature with the HCLPA based catalyst. This
showed that active sites of both catalysts differ from each other. The peaks at 100
and 280 °C could be assigned to reduction of oxidised Pt species to metallic Pt
(Reyes et al., 2006, Barias et al., 1996). These results showed that the activation
temperature of 350 °C was not high enough to reduce both catalysts. And
activation temperature of 450 °C was only high enough to reduce active sites of
PAA.
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Table 1. Textural and physicochemical properties of calcined silica gel and

Pt/S10; catalysts.
Micropore | External BET Pt |Mean Pt Pt
Area |Surface Area| Area dia. |dispersion

Sample (m*/g) (m?/g) (m*/g) |(wt%)| (nm) (%)
Calcined Silica 74 3133 3207 i ) ]
Gel
Pt/S10, (PAA) 18.3 340.7 359.1 0.89 1.30 52.85
Pt/S10,(HCLPA) 16.0 404.1 420.1 0.83 1.00 68.54
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Figure 2. Temperature reduction profiles of Pt/SiO, catalysts prepared from two
differnt Pt precursors.

Mean Pt crystallite size and their dispersion determined by H»
chemisorption are given in Table 1. HCLPA based catalyst had higher dispersion
than PAA based catalyst. Mean Pt crystallite size was determined as 1.00 nm for
HCLPA and 1.30 nm for PAA based catalyst. Although crystallite size differs
slightly for different Pt precursors, crystallite size effects are not expected to have
a significant influence on the differences observed in product distribution. This
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reaction is reported to be structure insensitive (Singh et al. 2001, Mercadante et
al., 1996, Galvagno et al., 1993).

3.2. Catalyst Testing

Figure 3 shows product distribution observed over Pt/SiO; catalyst prepared from
PAA which was activated at 350 °C. Citral reacted fastly in the first 20 min of the
reaction then slowly decreased up to the end of the reaction. The main products
formed were citronellal (82.36 %) and geraniol+nerol (6.31 %). Moreover,
undesired products in low amounts were also formed which were 3,7-
dimethyloctanol (0.73 %) and citral acetals (0.82 %). These results showed that
the catalyst had high selectivity for the hydrogenation of conjugated double bond.

The product distribution observed over Pt/SiO, catalyst using HCLPA as
precursor which was activated at 350 °C is given in Figure 4. Citral reacted very
fast in the first 20 min of the reaction then slowly decreased and then remained
constant (catalyst deactivated). The main products formed were geraniol+nerol
(35.55 %) and citronellal (29.90 %). Moreover, undesired products were also
formed which were 3,7- dimethyloctanol (2.76 %) and citral acetals (16.33 %).
Thus, this catalyst had some selectivity toward the hydrogenation of carbonyl
bond, which was different from that of PAA precursor.

Pt from two different precursors showed different activities and
selectivities. Use of PAA to prepare Pt/SiO, catalyst prevented acetal formation
significantly as reported in literature (Aykac et al., 2008; Serrano Ruiz et al.,
2007). When PAA was used as precursor, catalyst did not deactivate as fast as
HCLPA and it reached 89.50 % conversion. However, catalyst deactivated after
20 min and conversion reached was 72.67 % with HCLPA. Geraniol+nerol
amount was higher with HCLPA based catalyst. Similar findings are reported in
literature (Silvestre-Albero et al.,2006, Ammari et al., 2005, Bachiller-Baeza et
al., 2000). However, Cl content is related to acetal formation as well (Aumo et al.,
2002). This might explain high amount of acetal formation over HCLPA catalyst
which was found to contaion 0.30 % Cl. The undesired product (3,7-
dimethyloctanol) amount also increased significantly when HCLPA was used.
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Figure 3. Product distribution obtained over Pt/SiO, catalyst prepared from PAA
precursor which was activated at 350 °C.
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Figure 4. Product distribution observed over Pt/SiO; catalyst from HCLPA
precursor which was activated at 350 °C.
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Activation temperature affected activity significantly as shown in Figure
5. Increasing activation temperature from 350 to 450 °C decreased citral
conversion from 72.67 to 46.46 % for HCLPA precursor and from 89.50 to 26.10
% for PAA precursor. This showed that lower activation temperature was
appropriate to achieve higher citral conversion as reported in the previous studies
(Serrano-Ruiz et al., 2007, Vilella et al., 2005). The selectivity to geraniol+nerol
obtained for these conditions are given in Figure 6. Changing activation
temperature from 350 to 450 °C decreased selectivity to geraniol and nerol
(SEe+ng) from 39.05 % to 22.88 % for the catalyst prepared from HCLPA.
However, the use of PAA decreased acetal formation during reaction and
increased the Sge+ng) from 7.06 to 56.4 % for higher activation temperature. PAA
gave higher selectivities to Sge+ng) compared to HCLPA. The change in product
distribution between the catalysts could be attributed to degree of metal reduction
and to the type of metal precursor. Chloride precursor was more difficult to
reduce than acetylacetonate source as discussed in the characterisation section.
This showed that there was different support and metal interraction, which could
have also played a role in the product distribution obtained for the catalysts
prepared from different precursors.

Changing solvent from ethanol to 2-pentanol decreased activity of catalyst
prepared from HCLPA precursor (Figure 5); conversion obtained in ethanol was
72.67 % while it was 30.00 % in 2-pentanol. Also Sge+ng) Was decreased from
39.05 to 31.72% (Figure 6). Use of 2-pentanol decreased acetal formation as
reported by Maki-Arvela et al. (2002). But it did not increase selectivity to
geraniol and nerol. Thus, use of higher carbon alcohol did not improve SGg+NE).
When the catalyst without calcination was used in 2-pentanol, catalyst activity
decreased significantly as Sgr+ng) almost remained constant. This showed that
generation of active sites during calcinations was important.
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Figure 5. Citral conversion for different investigated parameters, where HCLPA:
Hexachloroplatonic acid, PAA: Platinum acetylacetonate, NO CAL: Without
calcination, 350 or 450 : Reduction temperature, W: Washed catalyst, ETOH:
Ethanol, PEN: 2-Pentanol.
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Figure 6. Selectivity to geraniol+nerol for different applied parameters, where
HCLPA: Hexachloroplatonic acid, PAA: Platinum acetylacetonate, NO CAL:
Without calcination, 350 or 450 : Reduction temperature, W: Washed catalyst,
ETOH: Ethanol, PEN: 2-Pentanol.
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To minimize acetal formation over the catalyst prepared with HCLPA,
catalyst was washed with 0.1 M NaOH. Washing catalyst increased conversion
from 46.46 to 55.66 % (Figure 5) and reduced acetal formation from 32.00 to
15.00 %. It also improved Se+ng), which was 62.4 % for washed catalyst
compared to original unwashed catalyst, 22.88 % (Figure 6). This indicated that
washing was successful in chloride removal, which caused acetal formation.
Similar findings are reported in literature (Aumo et al., 2002).

4. Conclusions

Catalysts prepared from different precursors were found to have different active
sites. Reduction of chloride precursor based catalysts was more difficult than
acetylacetonate. Acetal formation was much higher for the catalyst based on
HCLPA. Acetal formation was attributed to the presence of chloride in the
catalyst. Washing of catalyst, using 2-pentanol or PAA decreased acetal
formation. Pt/SiO, catalysts activities decreased when activation temperature
increased. However, selectivity to geraniol+nerol was affected differently with the
activation temperature depending on the precursor type. With PAA based catalyst,
selectivity increased with temperature while it decreased for HCLPA based
catalyst. This was attributed to presence of different active sites and presence of
Cl. Catalyst washing also improved activity and selectivity. Catalyst calcination
before activation improved activity and selectivity of the catalysts.
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