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Abstract—It is shown that the 1% Pt/CeO,—ZrO, (1% Pt/CZ) catalytic system allows selective hydrogena-
tion of citral with a 94% conversion and a selectivity towards unsaturated alcohols of 59% at room tempera-
ture and atmospheric pressure. The effect of addition of alkali to the reaction mixture on the yield of the target
products is studied, and the optimum conditions of the reaction are determined.
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INTRODUCTION

The popularity of the processes of conversion of
bioavailable materials is constantly growing. In pro-
cessing natural substrates, we can obtain valuable
compounds that are subsequently used in different
fields of science and industry. Citral is a naturally
occurring aldehyde. It was found in substantial quan-
tities in the essential oils of lemongrass, lemon, lime,
lemon balm, and verbena [1]. Citral belongs to the
class of monoterpene acyclic carbonyl compounds
and has two C=C bonds in its structure. One of the
double bonds is conjugated with the carbonyl group,
while the other is isolated. Therefore, we can obtain a
wide range of possible products via the conversion of
citral. Among the other hydrogenation products, the
products of selective reduction of the carbonyl group
(isomeric alcohols nerol and geraniol) are of the great-
est value, since they are widely used in pharmaceuti-
cals, perfumes, food industry, and organic synthesis
[2]. In addition, the selective reduction of the C=0
bond presents a challenge for researchers, since the
hydrogenation of the C=C bond is thermodynami-
cally more favorable than reduction of the carbonyl

group [3].

Due to the complexity and high practical impor-
tance of the selective hydrogenation of the citral car-
bonyl group conjugated with the C=C bond, a great
number of works are devoted to the selective prepara-
tion of isomeric alcohols nerol and geraniol. Non-
noble metal catalysts are rarely used in this reaction,

since such catalytic systems require harsh conditions
to carry out the hydrogenation reaction. Under such
conditions, the C=C bond is inevitably hydrogenated,
resulting in low selectivity towards desired products
[4, 5].

Systems with noble metals known for their activity
in hydrogenation reactions would seem to be the ones
most attractive and promising for the above reaction.
Anantan et al. studied catalytic systems containing
platinum, gold, palladium, and ruthenium supported
on TiO, [6]. The maximum yield of unsaturated alco-
hols (65%) was observed using platinum-containing
catalysts. However, this result was achieved at a tem-
perature of 90°C and a pressure of 100 atm—rather
harsh conditions for carrying out the reaction in the
presence of noble metals. High selectivity towards
unsaturated alcohols was observed using a Pd—Sn
bimetallic catalyst. However, the observed increase in
selectivity when Pd was doped with tin was mainly due
to a reduction in catalytic activity, since high selectiv-
ity with respect to unsaturated alcohols (>80%) was
achieved at conversion below 20% [7]. At the same
time, monometallic palladium systems are highly
active under the chosen reaction conditions (140°C,
70 atm), but products of selective carbonyl group
hydrogenation do not form [7]. Carrying out the reac-
tion at a lower temperature or pressure results in a con-
siderable drop in the yield of nerol and geraniol. The
use of a Pt—Fe/MWCNT bimetallic catalytic system
allows to obtain nerol and geraniol with a yield of 60%.
However, increased hydrogen pressure and an elevated
temperature (20 atm, 80°C) are also required to
achieve citral conversion of more than 50% [8]. High
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Fig. 1. Scheme of citral hydrogenation: (1) citral, (2) iso-
mers nerol + geraniol, (3) citronellal, (4) citronellol.

selectivity in the formation of nerol and geraniol was
noted for a Pt/MWCNT catalytic system doped with
Fe and Ga, which allowed to perform the reaction at
atmospheric pressure and a temperature of 80°C, but
at very low loads on the catalyst (<20). This greatly
limits practical use of the process [9].

The problem of selective nerol and geraniol pro-
duction with a high yield but without the use of high
pressure and temperature is therefore of considerable
scientific and practical interest. In this work, we show
for the first time that the selective production of unsat-
urated alcohols via citral hydrogenation is quite possi-
ble using catalysts with platinum contents of 0.25—
1wt % at room temperature and atmospheric pres-
sure.

EXPERIMENTAL
Synthesis of Catalysts

The synthesis of CeO,—Z2r0O, (CZ) mixed oxide
supports was performed via the coprecipitation of
metal precursors [ 10—12]. As initial materials, we used
ZrO(NO;), - 8H,0 (99.5%; up to 4% of Hf; Acros) as
the precursor of zirconium oxide, and
(NH,),Ce(NO;) (98+%, Alfa Aesar) as a precursor of
cerium oxide.

Catalyst with a platinum content of 1 wt % was syn-
thesized via the pH-controlled deposition of precursor
H,PtCl,. The resulting catalyst was reduced in a hydro-
gen flow over 2 h at a temperature of 250°C [10—12].

Catalytic Testing

The liquid-phase hydrogenation of citral was car-
ried outat P=1atm and 7= 25°C. The catalyst (13 or
25 mg) was placed in a two-necked flask, and the sys-
tem was purged with hydrogen for 30 min. A solution
of 0.3 mmol of citral in 1.5 mL of EtOH was then
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poured into the reactor using a feed valve. Depending
on the content of platinum in the catalyst, the amount
of Pt in the reaction mixture was 0.8—0.2 mol %. The
reaction mixture was stirred with a magnetic stirrer at
a speed of 1400 rpm. At the end of each experiment,
the liquid phase was separated from the catalyst via
centrifugation and the supernatant was sampled to
analyze the reaction products.

The liquid reaction products were analyzed using a
Chromatek Crystal 5000.2 gas chromatograph with a
flame-ionization detector and a FFAP capillary col-
umn (0.2 mm X 25 m). The column temperature was
raised stepwise from 80 to 190°C. The peaks were
identified using experimentally determined retention
times for individual compounds (citral, citronellal,
citronellol, nerol, geraniol, and ethanol). The struc-
ture of the obtained compounds was confirmed by 'H
and C NMR spectroscopy.

RESULTS AND DISCUSSION

Figure 1 shows the general scheme of the citral
hydrogenation reaction.

The reaction can proceed by two parallel routes.
Since the hydrogenation of the C=C bond is thermo-
dynamically more favorable than reduction of C=0,
mainly citronellal (3) is formed. It is then hydroge-
nated to produce citronellol (4) [13]. At the same time,
citronellol (4) is also a product of the hydrogenation of
unsaturated alcohols nerol and geraniol (2). To pre-
vent further hydrogenation of the desired compounds
and increase their yield, the reaction was performed
at room temperature and atmospheric pressure on
Pt/CZ catalysts. The activity of these catalysts under
mild conditions was confirmed earlier by our
research group on the example of hydrogenation of
other carbonyl [10, 11] and nitroaromatic com-
pounds [12].

Figure 2 shows the results of citral hydrogenation
on catalysts with different platinum contents. In addi-
tion to nerol and geraniol, we observed the formation
of citronellal and citronellol. The catalyst with an
active metal content of 0.25 wt % showed relatively low
activity under the chosen conditions. The conversion
in this case did not exceed 10%. When the content of
platinum was doubled, however, the conversion rose
to 94% with a selectivity toward nerol and geraniol of
around 40%. The 1% Pt/CZ catalyst exhibited the best
activity at room temperature and atmospheric pres-
sure, where conversion exceeded 98% with selectivity
of more than 46%.

Some researchers have noted the important role
played by the presence of alkali in the reaction
medium [14, 15]. The authors argue in particular that
the presence of such compounds as NaOH or Na,CO;
in the solution ensure a considerable increase in selec-
tivity torwards the product of C=C bond hydrogena-
tion. At the same time, other researchers believe that
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Fig. 2. (Color online) Citral hydrogenation on catalysts
with different platinum content: (/) citral conversion,
(2) selectivity towards nerol and geraniol. Conditions:
Meye = 25 mg, Mgy = 46 mg, Vgoyg = 1.5 mL, NaOH

(1 M) =10 mol %, T=20°C, P=1 atm.

presence of OH groups on the surface of support pro-
motes better adsorption of citral and thus its selective
hydrogenation due to polarization of the C=0 bonds
[16, 17]. We performed a series of experiments to study
the effect of alkali concentration in the reaction mix-
ture on the yield of target products (Table 1).

From Table 1, we can see that increasing the
NaOH content from 3 to 10 mol % had a positive
effect on the yield of desired products. The citral con-
version become almost 2 times higher. However, fur-
ther raising the concentration of alkali in the solution
lowered the conversion and selectivity. We suggest that
this is associated with the formation of acetals by the
base-catalyzed reaction between the substrate and the
solvent. This phenomenon was described earlier in
works on the hydrogenation of various carbonyl com-
pounds in alcohol media [18, 19]. When the alkali

Table 1. Effect of NaOH content in the reaction mixture on
the yield of unsaturated alcohols

rlf{n ZNNC;‘E) ;ln;é 0,% | S,% | TON |TOF,h!
15 0.01/3 96| 505 87| 348
30 14.1| 480 128] 255

15 0.03/10 23| 588 202| 809
30 34.6| 603 313| 627

15 0.05/17 14.0| 389 126| 3506
30 212 47.8| 193] 385

Catalyst, 1% Pt/CZ (13 mg); mgja = 46 mg; Vioy = 1.5 mL;
T=20°C; P=1 atm. 7 is the reaction time, o is citral conversion,
and S is the selectivity towards nerol and geraniol. TON was cal-
culated as ngpgirate (Mol) om/np; (mol), and M is the level of Pt

dispersion.
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Fig. 3. (Color online) Citral conversion (/) and selectivity
towards acetals (2) depending on the content of NaOH in
the reaction mixture. Reaction conditions: catalyst 1%
Pt/CZ (13 mg), mji;q = 46 mg, Vgiog = 1.5 mL, reaction

time 1 h, 7= 20°C, P =1 atm.

content was increased to more than 10 mol %, the
fraction of acetals also increases. This in turn
decreases the rate of aldehyde hydrogenation (Fig. 3).
In addition, the presence of alkali in a high concentra-
tions can block the active sites of the catalyst.

After selecting the optimum composition of the
reaction medium and the catalyst that exhibited the
best activity at a room temperature and atmospheric
pressure, we investigated the time dependences of the
citral conversion and selectivity towards different
hydrogenation products (Fig. 4).

Conversion of 94% and selectivity towards desired
products of 59% were achieved in 2 h. It should be
noted that at different hydrogenation times, the selec-
tivity toward nerol and geraniol formation remained
unchanged. These unsaturated alcohols did not
undergo further hydrogenation of the C=C double
bond, and the formation of citronellol proceeds exclu-
sively via hydrogenation of intermediate product citro-
nellal (Fig. 1). The maximum yield of nerol and gera-
niol achieved at room temperature and atmospheric
pressure, was 55%.

CONCLUSIONS

Monometallic catalysts based on Pt nanoparticles
supported on CeO,—Zr0O, oxide showed high activity
and selectivity in the hydrogenation of citral to unsat-
urated alcohols at room temperature and atmospheric
pressure. The maximum citral conversion of 94% with
a selectivity towards the mixture of nerol and geraniol
of 59% was achieved at a Pt content of only 0.2 mol %.
It was shown that adding NaOH to the reaction mix-
ture in amounts of up to 10 mol % has a positive effect
on the yield of the desired products. However, further
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Fig. 4. Citral hydrogenation depending on the reaction time. Reaction conditions: catalyst 1% Pt/CZ (13 mg), mi, = 46 mg,

Veon = 1.5 mL, NaOH (1 M) = 10 mol %, T=20°C, P =1 atm.

increase in alkali concentration impairs conversion
and selectivity as a result of base-catalyzed interaction
between the aldehyde and ethanol with formation of
acetals.
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