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Abstract: This study primarily addresses the development of dynamic, selective and economical
metal–acid (bifunctional) catalysts for one-pot menthol production by citral hydrogenation. Specifi-
cally, various metals such as Pd, Pt, Ni, Cs and Sn were doped over alumina support. Additionally,
bifunctional composite catalysts were also prepared with the impregnation of heteropoly acids and
Pd precursors over alumina support. Analytical techniques (e.g., BET, PXRD, FT-IR, pyridine ad-
sorption and amine titration methods) were applied for characterization of the most efficient and
selective catalysts (e.g., Al2O3 and PTA-Cat-I). Similarly, most of the essential operational variables
(e.g., loading rate of metal precursor, type of heteropoly acid, temperature, gas pressure and reaction
time) were examined during this study. The experimental data shows that the bifunctional catalyst
(PTA-Cat-I) produced 45% menthol at full citral substrate conversion (r = 0.038 mmoles.min−1) in
liquid-phase citral hydrogenation (at optimized operating conditions: 70 ◦C, 0.5 MPa and 8 h). How-
ever, the heteropoly acid-supported bifunctional catalysts (e.g., PTA-Cat-I, PMA-Cat-I, SMA-Cat-I
and STA-Cat-I) resulted in cracking and the dehydration of isopulegol/menthol by the generation
of side products (e.g., 4-isopropyl-1-methyl, cyclohex-1-ane/ene); therefore, menthol yield was ex-
tensively diminished. On the other hand, non-acidic catalysts (e.g., Cat-I, Cat-II, Cat-III, Cat-IV and
Cat-V) readily promoted hydrogenation reactions. The optimum menthol yield occurred due to
the presence of strong Lewis and weak Bronsted acid sites. Mass transfer and reaction rate were
substantially diminished due to acidity strength, heteropoly acid type and blockage of pores by the
applied bifunctional catalysts.

Keywords: alumina; heteropoly acids; bifunctional catalysts; citral hydrogenation; menthol

1. Introduction

Citral (3,7 dimethyl-2,6 octadienal) is an unsaturated aldehyde compound that is
normally present in lemongrass oil. It possess three hydrogenation sites: a carbonyl group,
a double bond conjugated with the CO group and an additional isolated C-C bond [1,2].
This type of unsaturated aldehyde has been studied widely for hydrogenation processes
involved in fine chemical production [3]. The hydrogenation of the citral molecule provides
multiple products such as unsaturated alcohols (nerol/geraniol), cyclic compounds (isop-
ulegol and menthol) and hydrogenated products (citronellal and dihydrocitronellal) [4,5].
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From previous literature and current market demand, it is clear that menthols have high
market demand due to their variety of applications in pharmacy, cosmetics and the tobacco
industry [6–8]. Menthol is produced via natural and synthetic routes. The contribution of
natural and synthetic sources is approximately 80% and 20%, respectively [9–11]. Among
menthol synthesis routes [12], citral hydrogenation is an easy and comfortable route. It
consists of three reaction steps: (a) hydrogenation of citral to citronellal, (b) cyclisation
of citronellal to isopulegol and (c) hydrogenation of isopulegol to menthols, as shown in
Scheme 1. Mäki-Arvela et al. [10], prepared metal–acid catalysts by doping metals (Ni
and Pd) on H-MCM-41 material and tested them in liquid-phase hydrogenation of citral,
producing 54% menthol at full conversion of citral substrate. Menthol synthesis from citral
hydrogenation is a more complex and multistage reaction. A number of side products
have been generated due to improper design of bifunctional catalysts, which results in less
menthol formation [13]. In the last decade, a number of bifunctional catalysts have been
designed for citral hydrogenation and their catalytic performance in menthol synthesis
has been evaluated [7,14,15]. Salminen et al. [9], obtained about 5% menthol selectivity
in liquid-phase hydrogenation of citral using a bifunctional catalyst. Correspondingly,
Virtanen et al. [16] tested Pd/Zn-supported ionic liquid material in liquid-phase citral
hydrogenation and obtained 30% menthol yield at full citral substrate conversion.

Additionally, numerous catalysts have been developed for the citral hydrogenation
to menthol reaction [16,17], with most catalysts having been shown to be highly active
in the hydrogenation reaction, but less selective for menthol production. However, most
catalysts have been found to be non-recyclable. Low menthol synthesis and catalyst
regeneration may be the main problems that are being addressed by authors of bifunctional
catalyst designs. Therefore, more experimental study is necessitated for the design of active,
selective and recyclable bifunctional catalysts for one-pot menthol synthesis.

Previous research has acknowledged that most acidic catalysts possess various ratios
of Lewis and Bronsted acid sites on their surfaces [17–22]. Moreover, various kinds of
inorganic (e.g., HCl, H2SO4, HNO3) and organic acids (e.g., CH3COOH, C3H6O3, CH2O2)
have been applied in the design of acid catalysts materials [23,24]. The abovementioned
acids have limited boundaries (e.g., lower activity, side reactions, leaching, toxicity and
regeneration) in the field of catalysis. Simultaneously, heteropoly acids (e.g., HPAs) have
revealed greater prospects in the area of catalysis. Usually, these heteropoly acids have
been thought of as strong acids, as they have a higher amount of acidity and catalytic
activity [13,23,24]. In the heteropoly acid (HPAs) family, phosphotungstic acid (PTA) is the
most stable and acidic, compared to silicon-tungstic acid (STA), phosphor-molybdic acid
(PMA), silicon-molybdic acid (SMA) and so on [25,26]. It has shown that heteropoly acid
applications are limited because of their lower surface area characteristics [26]. Previous
literature has recommended that these HPA limitations (e.g., lower surface area prohibits
mass transfer and diffusion of reactant molecules in the catalyst’s pores) can be resolved
through the dispersion of HPAs over non-acidic and micro-mesoporous supports. This
mechanism could possibly help in enhancing mass transfer and reaction rate. Considering
the surface area characteristics of heteropoly acids, alumina material can be used as a non-
acidic and mesoporous support [27,28]. It is probably beneficial to maintain the catalytic,
thermal and acidic characteristics of HPAs by diffusing them over an exterior surface of
alumina material [29]. This mechanism would provide high surface area, mass transfer
and thermal stability [30–34]. Alumina-supported heteropoly acid catalysts have been
applied in the esterification of alcohols [35]. Rb- and Cs-doped STA-supported alumina
catalysts have been applied in dehydration of glycerol to acrolein [36]. HPA-supported
alumina catalyst was applied in trans/esterification of high acid feed stocks [37]. To
date, metal-doped HPA-supported alumina acid as well as bifunctional catalysts have
not been investigated in liquid-phase citral hydrogenation and the citronellal cyclisation
reaction for obtaining menthol and isopulegol products. Our current research has primarily
concentrated on the preparation of bifunctional catalysts and determining their catalytic
performance under optimized process parameters.
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Scheme 1. Reaction scheme of multistage liquid-phase citral hydrogenation and possible side
reactions (e.g., dehydration and cracking reactions).
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In this research, the main objective was to design a bifunctional (metal–acid) catalyst
by using dispersing metal and heteropoly acids over alumina. The catalyst was applied
in liquid-phase citral hydrogenation to obtain higher menthol production. In the initial
stage, various metal types were doped over alumina and tested in citral hydrogenation.
Furthermore, metal–acid-supported alumina catalysts were designed through the ion-
exchange method and tested in citral hydrogenation under optimized process conditions.
In this work, we have optimized bifunctional catalyst design, reaction operating parameters,
catalytic activity and selectivity. Additionally, the reaction kinetics of the liquid-phase
citral hydrogenation and citronellal cyclisation reactions were measured. This study may
possibly be helpful for selection of the most applicable and cost-effective bifunctional
catalysts for citral hydrogenation for menthol synthesis.

2. Material and Methods
2.1. Materials

Palladium(II) chloride (99.9% pure), palladium(II) acetylacetonate (99%), nickel ni-
trate hexahydrate (99%), platinum(II) acetylacetonate (99% pure) cesium chloride (99%),
tin(II) chloride (99%), cesium chloride (99%), 12-phosphotungstic acid, silicotungstic acid,
silicomolybdic acid hydrate, phosphomolybdic acid, (±) citral (95% pure), alumina oxide
(neutral), silica oxide (fumed), zeolite beta hydrogen, ethyl alcohol (99.9% pure), methyl
alcohol (99.9% pure), dichloromethane (95% pure), toluene, cyclohexane, n-hexane and
1,4-dioxane were purchased from Sigma Aldrich. Cyclohexane and n-hexane solvents were
purchased from Dae-Jung Chemicals. Other supporting chemicals such as methanol and
nitrobenzene were purchased from Junsei Chemicals.

2.2. Preparation of Bifunctional (Metal–Acid) Catalysts

According to the previous literature review, it has been observed that various met-
als, as well as heteropoly acid-supported bifunctional catalysts have been prepared for
innumerable applications [24,38–43]. Therefore, in this work, the alumina and heteropoly
acid-supported bifunctional metal catalysts have been prepared using dry impregnation
and ion-exchange techniques [44]. In the first stage, alumina-supported metal catalysts
such as 5 wt.% Pd-Al2O3 (Cat-I), 5 wt.% Pt-Al2O3 (Cat-II), 5 wt.% Ni-Al2O3 (Cat-III),
5 wt.% Cs-Al2O3 (Cat-IV) and 5 wt.% Sn-Al2O3 (Cat-V) were synthesized by using the
wet impregnation process in accordance with published literature. Five grams of dried
and washed γ-alumina support was poured into 20 mL ethanol solvent and 5 wt.% of all
aqueous metal precursors (Pd, Pt, Ni, Sn and Cs) was doped over alumina support using
the wet impregnation method at room temperature for 24 h at a constant stirring rate. After
impregnation of metals over alumina, all samples were dried in a vacuum oven at 60 ◦C
for 12 h. Furthermore, the prepared metal-supported samples were activated by using
H2 gas (30 mL.min−1) at high temperatures (250–550 ◦C). In the second stage, heteropoly
acid (HPA)-supported alumina-based bifunctional metal acid catalysts were prepared by
using the wet impregnation method. The 20 wt.% of phospho-tungstic acid (PTA-Cat-I),
silicon-tungstic acid (STA-Cat-I), silicon-molybdic acid hydrate (SMA-Cat-I) and phospho-
molybdic acids (PMA-Cat-I) were impregnated on alumina-supported catalyst (Cat-I) using
toluene solvent [12] and were reduced at 250 ◦C for 2 h using H2 gas (30 mL.min−1) in
a glass tubular furnace. Finally, the reduced catalysts (e.g., Cat-I, Cat-II, Cat-III, Cat-IV,
Cat-V, PTA-Cat-I, PMA-Cat-I, STA-Cat-I and SMA-Cat-I) were immediately used in the
liquid-phase citral hydrogenation reaction.

2.3. Catalysts Characterization

XRD patterns of HPA-supported alumina-based bifunctional metal acid catalysts ana-
lyzed with the help of an X-ray diffraction meter (XRD-6000, Shimadzu, Kyoto, Japan) with
an accelerating voltage of 40 kV and applied current of 100 mA. However, bulk elemental
composition was ascertained with the help of inductively coupled plasma-optical emission
spectrometry (ICP-OES). For elemental analysis, the bifunctional catalysts (e.g., W, P and Pd)
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were investigated and quantified based on our previous methodology [25,29]. The TriStar II
3020 2.00 at −196 ◦C was applied to determine surface area (BET) and pore volume distribution
(BJH) (operating conditions: degassed at 300 ◦C for 2 h) of the prepared catalysts [26].

Likewise, Fourier transform infrared (FTIR) analysis (FTIR spectrometer Nicolet,
iS10, conditions: 400–4000 cm−1, optical resolution of 8 cm−1 with 32 scans) was used to
investigate the existence of functional groups and structural compositions of the materials.
Furthermore, the pyridine adsorption method was used to examine Lewis and Bronsted
acid sites of newly synthesized catalyst materials; the self-supported KBR wafers (1 cm2,
11 tons cm−2 and 30 mg) were prepared and totally dried into specially designed stainless
steel IR cells by using a vacuum pump at 400 ◦C for 2 h. The operating procedure for
pyridine adsorption was followed as described in our previous articles [30,45,46].

Similarly, the amine titration method (0.1 N of weak base (n-butyl amine) and indicator
(dimethyl yellow) chemical reagents) was used to evaluate the acidic properties of the
newly synthesized catalysts [29].

2.4. Catalytic Reaction Study
2.4.1. Citronellal Cyclisation to Isopulegol

In this citronellal cyclisation reaction, citronellal (95% pure), benzene solvent, nitroben-
zene (internal standard) and freshly prepared catalysts were used. This cyclisation reaction
was performed into an autoclave reactor with a magnetic stirrer and sampling port/tube.
The citronellal cyclisation reaction was operated at fixed parameters (e.g., temperature
70 ◦C, N2 pressure 0.5 MPa, 300 rpm). The detailed reaction performance procedure is
mentioned in our already published work [24].

2.4.2. Synthesis of Menthols via Liquid-Phase Citral Hydrogenation

The hydrogenation reaction of citral substrate was performed in a stainless-steel
autoclave reactor (50 mL capacity containing 4.5 mmol of citral substrate, 25 mL solvent,
0.2 mL nitrobenzene and 0.2 g newly activated catalyst). The hydrogenation reaction was
performed at fixed operating conditions (e.g., temperature 70 ◦C, H2 pressure 0.5 MPa
and 300 rpm).

Gas chromatography (GC-Agilent, model no. 7890A) with a chiral column (Cyclodex-B
(Agilent), length 60 m, diameter 0.254 mm and film thickness 0.25 µm) was used to analyze
the products and side reaction products of the collected samples. GC operating conditions
were the same as described in previous literature [24,29]. Additionally, the obtained GC
product peaks were compared with GC standard chemicals and the GC–MS technique.

3. Results and Discussion
3.1. Catalysts Characterization

In this study, we designed Pd-HPA-alumina (e.g., PTA-Cat-I; STA-Cat-I; SMA-Cat-
I; PMA-Cat-I) and other simple metal (e.g., Pd, Pt, Ni, Sn and Cs)-supported alumina
(Cat-I, Cat-II, Cat-III, Cat-IV, Cat-V) catalysts. Herein, we selected important catalysts
(e.g., based on catalytic performance) for the characterization study. We will here discuss
their characterizations in detail. [33]. XRD analysis of the selected catalysts is shown in
Figure 1. According to XRD data, alumina support is in the amorphous phase. Some
changes in the XRD pattern (e.g., new XRD peaks appeared at 33 and 54) were observed
after PTA and Pd impregnation on alumina. The material (PTA-Cat-I) shows an X-ray
diffraction pattern with incipient signals of very wide bases that are characteristic of mate-
rials with poor crystallinity (Figure 1). However, the BET surface area and pore volumes
of alumina support were 136 m2.g−1 and 0.248 cm3.g−1, and decreased to 120 m2.g−1 and
0.164 cm3.g−1, respectively, after impregnation of phosphotungstic acid (20 wt.%) and
Pd loading (5 wt.%) (Table 1). The adsorption–desorption intensity of alumina decreased
after impregnation of PTA and Pd metal (Figure 2). Nonetheless, the doping of PTA and
Pd particles over alumina support probably reduced some portion of the surface area
of the alumina. Furthermore, the acidity characteristic of the catalysts was investigated
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using the amine titration technique. ICP-OES elemental analysis confirmed the doping of
phosphotungstic acid over alumina support (Cat-I) (Table 1).
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Figure 1. XRD patterns of Al2O3 and PTA-Cat-I catalyst samples.

Table 1. Catalyst characterization of support and acidic catalysts.

Catalyst Type BET (m2.g−1) a VP (cm3.g−1) dp (nm) Acidity b

Al2O3 136 0.248 7.2 n.d
* PTA-Cat-I 120 0.164 5.4 0.51

a SBET and Vptot were determined through the BET equation. b was determined by the amine titration method.
* ICP-OES data confirm the presence of phosphorous (0.341 mg/L) and tungsten (3.115 mg/L) in Cat-I (phospho-
tungstic acid-supported alumina).
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The data in Table 1 suggest that alumina support is neutral (no acidic characteristic),
but that its acidity was enhanced with the impregnation of phosphotungstic acid (e.g., 0.51).
The acidic property of alumina was developed with a combination of heteropoly acid ions.

Figure 2 shows adsorption–desorption isotherm characterization of alumina and HPA-
supported alumina catalysts. The sorption study shows that alumina is partial mesoporous,
and its mesoporosity characteristics decreased with the impregnation of HPA and Pd
over alumina.

Figure 3 shows the FTIR spectra of alumina and PTA-Cat-I catalyst samples. With
impregnation of Pd and phosphotungstic acid over alumina, some changes (e.g., peaks at
wavenumbers 1600 and 3600 cm−1 were decreased, and new peaks appeared at wavenum-
bers 600 and 1000 cm−1) were observed in the FTIR spectra. These changes might show the
decrease of water and hydroxyl group peaks (e.g., probably a decrease in Bronsted acidity).
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Additionally, the concentration of Lewis and Bronsted acid sites of samples was exam-
ined using the pyridine adsorption technique. Pyridine adsorption data imply (Figure 4)
that alumina has very weak Lewis acidity; it was improved with the doping of phospho-
tungstic acid. Additionally, pyridine adsorbed peaks (e.g., 1440 and 1598 cm−1) of alumina
increased after impregnation with phosphotungstic acid. The increase in peak intensity
shows an increase in Lewis acidity. The low intensity of Bronsted acidity was determined
from small peaks of pyridine adsorption (e.g., 1490 and 1530 cm−1). The Pd-PTA- alumina
(e.g., PTA-Cat-I) possess a higher amount of Lewis acid sites over the catalyst surface in
the presence of weak Bronsted acid sites. Furthermore, it was noted that bifunctional
catalyst (PTA-Cat-I) normally possesses strong Lewis and weak Bronsted acid sites on the
surface of the catalyst, as presented in Figure 4. In addition, the concentration of Lewis
(L) and Bronsted acid sites (B) of prepared catalyst samples was calculated by pyridine
adsorbed peaks [45].
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In this research work, we have mainly focused on liquid-phase citral hydrogena-
tion, reaction kinetics, menthol yield/selectivity and other significant operating reaction
parameters.

3.2. Reactions Study

The catalysts were tested in liquid-phase citronellal isomerization and citral hydro-
genation reactions for good catalytic performance and product yield. Furthermore, exper-
imental work was extended and mainly focused on reaction process parameters such as
metal type, heteropoly acid impregnation (e.g., acidity or acidic sites) and reaction kinetics
for this study. Furthermore, reaction process conditions were optimized in both reactions
(e.g., cyclisation citronellal cyclisation and hydrogenation of citral). However, these cat-
alytic reactions were conducted in a stainless steel autoclave reactor under gas pressure
(N2 gas for cyclisation and H2 gas for hydrogenation). Furthermore, activated catalyst and
required chemical reagents were added to the reactor and operated for specific periods. To
determine the effects of acidity on catalytic activity (e.g., citronellal cyclisation), various
heteropoly acid family members (e.g., PTA, SMA, STA and PMA) have been impregnated
(20 wt.% loading) on alumina support (e.g., acidic catalysts). Furthermore, various metals
(5 wt.%) (e.g., Pd, Pt, Ni, Sn and Cs) were doped over alumina and applied in liquid-
phase citral hydrogenation. Additionally, Pd precursors were doped on HPA-alumina
supports and applied in liquid-phase citral hydrogenation reaction to obtain a higher yield
of menthol.

3.2.1. Citronellal Cyclisation to Isopulegol

To obtain higher selectivity and catalytic activity, a series of HPA-supported alumina
acidic catalysts (e.g., PTA-Al2O3, STA-Al2O3, PMA-Al2O3 and SMA-Al2O3) were pre-
pared and examined in a citronellal cyclisation reaction (one step reaction); their reaction
performance is presented in Table 2 and Figure 5.
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Table 2. Reaction performance of Pd-acidic (γ-alumina-supported phosphotungstic acid) catalysts in
liquid-phase citronellal cyclisation.

Catalysts
Conversion a Yield Selectivity Ds (±)

Isopulegol Others K b

(%) (%) (%) (%) (%) min−1

Al2O3 12 2 16 2 10 0.003
PTA-Cat-I 95 92 97 87 3 0.044
PMA-Cat-I 89 83 93 84 6 0.037
STA-Cat-I 78 66 85 77 12 0.029
SMA-Cat-I 62 40 64 58 22 0.022

a Reaction conditions: 4.5 mmol citronellal, 0.1 g freshly prepared catalyst, 5 mL C7H8, T 70 ◦C, reaction period:
1 h. b reaction rate constant.
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Figure 5. Reaction kinetics study and products distribution (%) of 5 wt.(%) Pd-Al2O3 (Cat-I) catalyst
in liquid-phase citral hydrogenation (operating reaction conditions: T = 70 ◦C, P = 1.0 bar H2 gas).

In the initial stage, ethanol-washed alumina support was tested in cyclisation reaction.
Within 1 h of reaction time, alumina transformed citronellal reactant molecules (approxi-
mately 12%, lowest reaction rate 0.003 min−1) into unwanted side products. The isopulegol
formation over this catalyst was negligible. It was observed that the catalytic performance
of alumina was significantly improved (e.g., higher reaction rate) with (20 wt.%) impregna-
tion of various heteropoly acids (e.g., PTA, SMA, STA and PMA). However, PTA-Al2O3
acidic catalyst exhibited the highest catalytic activity (conv. 95% and K = 0.044 min−1) and
isopulegol selectivity (97%). Furthermore, PMA-Al2O3 catalyst yielded 92% isopulegol at
89% citronellal conversion (reaction rate k = 0.037 min−1) within one hour of reaction time.
Additionally, STA-Al2O3 (e.g., conv. 78%, selectivity 85% and reaction rate 0.029 min−1)
and SMA-Al2O3 (e.g., conv. 62%, selectivity 64% and reaction rate 0.022 min−1) catalysts
were found to be less active and less selective than the PTA-Al2O3 and STA-Al2O3 catalyst
samples. The reaction kinetics of all prepared catalysts is shown in Figure 5.

The major differences in catalytic activity and selectivity were mainly related with
acidity enhancement (creation of Lewis and Bronsted sites) [43], as is clearly shown in
Figure 4. The catalytic performances of all catalysts was mainly due to the presence of
strong acid sites over the catalyst surface [7,45,46]. The differences in catalytic activity with
respect to prepared acidic catalysts were totally dependent on acidity strength. Among
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these acidic catalysts, PTA-Al2O3 acidic catalyst was found to be the most active and highly
selective acidic catalyst for citronellal cyclisation.

During reaction performance investigation, a few byproducts such as p-menth-3-
ene and trans-p-menthane were possibly be formed through dehydration or cracking of
isopulegol over the strong acidic sites of the catalyst (173.3). Alumina material possesses a
dehydration characteristic, which promotes cracking or dehydration of isopulegol.

3.2.2. Citral Hydrogenation to Menthols
Metal-Supported Alumina Catalysts for Liquid-Phase Citral Hydrogenation

The hydrogenation of citral substrate was conducted in a stainless steel autoclave
reactor under optimized conditions. The literature (Scheme 1) and experimental data
suggest that synthesis of menthol through citral hydrogenation comprises three consecutive
reaction steps: (a) hydrogenation of citral to citronellal (CIT); (b) cyclisation of citronellal
(CIT) to isopulegol (IPOL); (c) hydrogenation of isopulegol (IPOL) to menthols (MOL). In
the starting research phase, metal (e.g., Pd, Pt, Ni, Cs and Sn)-supported alumina catalysts
(e.g., Cat-I (Pd-Al2O3), Cat-II (Pt-Al2O3), Cat-III (Ni-Al2O3), Cat-IV (Cs-Al2O3) and Cat-V
(Sn-Al2O3) were applied in the liquid-phase citral hydrogenation reaction under optimized
conditions (T = 70 ◦C and P = 1.0 MPa) (Table 3).

Table 3. Reaction performance of bifunctional catalysts in liquid-phase citral hydrogenation.

Product Distribution Yield (%) a

Catalysts Conversion MOL CIT IPOL DHCIT DMOL Others K b

(%) (%) (%) (%) (%) (%) (%) min−1

Cat-I 100 0 1 0 95 2 2 0.050
Cat-II 98 0 63 0 25 3 7 0.042
Cat-III 92 0 75 0 11 0 6 0.037
Cat-IV 74 8 54 5 1 0 6 0.017
Cat-V 61 17 28 7 4 2 3 0.015

a Reaction conditions: 4.5 mmol citral, 0.2 g catalyst, 5 mL C7H8, T = 70 ◦C, P = 1.0 MPa H2, reaction period: 3 h.
b reaction rate constant.

It was observed from the experimental study that Pd- and Pt-supported catalysts were
more active and had higher selectivity for hydrogenation reactions. However, Cat-I hy-
drogenated citral substrate to dihydrocitronellal (DHCIT) multiple times and yielded 95%
within 1 h. Cat-II and Cat-III yielded dihydrocitronellal (DHCIT) at 25% and 11%, respec-
tively. Additionally, Cat-IV and Cat-V catalysts promoted citral hydrogenation to citronellal
and produced 8% and 17% menthols, respectively. In reaction rate comparison, Cat-I
possessed a higher reaction rate (0.050 min−1) than other catalysts (0.042 to 0.015 min−1)
(Table 3) and produced 95% dihydrocitronellal as a major product. It was found that Cat-I,
II and III samples retain only active metal sites over the alumina surface, which strongly
promotes hydrogenation reactions. However, Cat-IV and Cat-V may contain just a few
acidic sites (L/B) along with metal sites on the alumina surface, which transforms citral
substrate to menthol via multistage hydrogenation–cyclisation–hydrogenation reactions.
Table 3 and Figure 5 suggest that these catalysts (e.g., Cat-I, II, III, IV and V) could not
produce high yield of menthols via the liquid-phase citral hydrogenation reaction. It is
anticipated that the main cause of this (e.g., lower menthol yield) might be the presence of
imbalanced acidic sites (L/B) over the catalyst surface. Figure 5 data displays the reaction
kinetics of all catalysts in liquid-phase citral hydrogenation. It has been observed that
4.5 mmol (100% reactant molecules) citral substrate molecules were transformed into other
hydrogenated products within 2 h.

The chemical route of the citral hydrogenation reaction can be changed based on
solvent type, solvent polarity and solubility properties. Metal catalysts promote the trans-
formation of citral reactant molecules to geraniol or nerol alcohol with the use of ethanol
or methanol solvents. Acidic sites nature and strength may have affect on the catalytic
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activity and selectivity characteristics of solid acid catalyst [45,46]. Similarly, the same metal
catalysts can transform citral to citronellal with the use of toluene, hexane benzene and
1-3 dioxane solvents [47,48]. It was observed that most of the metal-supported catalysts
(e.g., Cat-I, Cat-II, and Cat-III) were non-acidic in nature and did not promote a citronellal
cyclisation reaction. Due to the lack of acidic characteristics (e.g., Cat-I, Cat-II and Cat-III),
menthol production from citral hydrogenation was found to be negligible, although, the
metal-supported catalysts generally favored hydrogenation reactions, e.g., citral hydrogena-
tion to citronellal and citronellal hydrogenation to dihydrocitronellal, instead of citronellal
cyclisation to isopulegol. It has been assumed that metal sites attract aldehyde C=C bonds
and promote hydrogenation reactions. In this overall reaction study, toluene solvent was
used to obtain a higher yield of hydrogenated and cyclized products. In accordance with
previous studies [49–52], the alumina support (Figure 4) may hold a weak Lewis acidic
property; therefore, the citronellal cyclisation reaction does not proceed in the absence of
strong acids.

Furthermore, the combination of metals (Pd, Pt and Ni) with alumina promoted
hydrogenation reactions and a small percentage of side products were formed due to
products cracking (e.g., dehydration side reactions) [53,54]. It has been shown in the
literature and experimental data that alumina possesses a dehydration property and bonds
with OH ions to release them in the form of water [55]. This type of secondary unwanted
reaction (e.g., dehydration and cracking) significantly reduces product yield. Similarly,
Pd precursor was doped over Si and ammonium zeolite supports and was applied in the
liquid-phase citral hydrogenation reaction. Silica- and zeolite-supported catalyst produced
only 5% and 24% menthol, respectively. From experimental observations, it was found
that the Pd-Zeolite catalyst probably possesses Lewis and Bronsted sites that may promote
citronellal cyclisation reactions, as compared to Pd-Al2O3.

γ-Alumina-Supported Phosphotungstic Acid-Palladium Catalysts for Liquid-Phase
Citral Hydrogenation

In the first stage of experimental work, metal-supported alumina catalysts (Cat-I,
Cat-II, Cat-III, Cat-IV and Cat-V) were prepared and applied in the liquid-phase citral
hydrogenation reaction. From experimental data, most of these catalysts (e.g., Cat-I. Cat-II
and Cat-III) did not promote citronellal cyclisation or menthol production. However, it
was found that alumina does not possess any acidic characteristics. Therefore, alumina-
supported catalysts were not found to be suitable for citronellal cyclisation (e.g., isopulegol
and menthol production). Thus, experimental work was extended and new metal–acid-
supported alumina catalysts (e.g., PTA-Cat-I, STA- Cat-I, SMA-Cat-I and PMA-Cat-I) were
prepared with the impregnation of (5 wt.%) Pd precursor (PdCl2). Additionally, these
prepared catalysts were tested in the hydrogenation of citral to find the drastic effects of
various heteropoly acids, along with alumina and palladium. Moreover, Cat-I catalyst
did not produce menthol or isopulegol in overall reactions, whereas a specific amount of
phosphotungstic acid (20 wt.%) was impregnated that changed the overall performance of
Cat-I (e.g., promoted citronellal cyclisation instead of citronellal hydrogenation).

PTA-Cat-I catalyst yielded 45% menthol, 4% isopulegol, 25% dihydrocitronellal, 6% 3,
7-dimethyl-1-octanol and 18% dehydrated or cracked side products. The reaction rate
of Cat-I decreased with the impregnation of PTA (e.g., k = 0.050 decreased to 0.038
min−1). The reaction rate reduction might be due to the blockage of surface area and
pore volume resulting in a decrease in mass transfer/molecule diffusion inside pores of
alumina. Furthermore, PMA-Cat-I produced 27% menthol, 23% citronellal, 10% isopulegol,
21% dihydrocitronellal and 18% cracked/dehydrated products (Table 4).

Additionally, the reaction rate of this catalyst (PMA-Cat-I) was 0.032 min−1. Similarly, the
STA-Cat-I and SMA-Cat-I catalysts were not found to be selective for menthol synthesis. The
reaction rates of STA-Cat-I and SMA-Cat-I were 0.029 and 0.024 min−1, respectively. Figure 6
shows the reaction kinetics of PTA-Cat-I. The citral substrate was completely transformed into
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cyclized and hydrogenated products. With respect to time, citronellal substrate was cyclized
into isopulegol and then further hydrogenated to menthol (approx. 45%).

Table 4. Reaction performance of multifunctional composite materials (γ-alumina-supported phos-
photungstic acid-palladium) in liquid-phase citral hydrogenation.

Product Distribution Yield (%) a

Catalysts Conversion MOL CIT IPOL DHCIT DMOL Others K b

(%) (%) (%) (%) (%) (%) (%) min−1

Cat-I 100 0 1 0 95 2 2 0.050
PTA-Cat-I 100 45 2 4 25 6 18 0.038
PMA-Cat-I 100 27 23 10 21 1 18 0.032
STA-Cat-I 78 13 28 12 16 3 6 0.029
SMA-Cat-I 67 4 41 3 10 0 9 0.024

a Reaction conditions: 4.5 mmol citral, 0.2 g catalyst, 5 mL C7H8, T 70 ◦C, P = 0.5 MPa H2, reaction period: 8 h.
b reaction rate constant.
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Figure 6. Catalytic performance evaluation study of γ-alumina-supported heteropoly acid palladium
catalysts (PTA-Cat-I, PMA-Cat-I, STA-Cat-I and STA-Cat-I) in liquid-phase citronellal cyclisation. The
reaction was conducted in a glass reactor at 70 ◦C for 1 h using 4.5 mmol of citronellal substrate and
5 mL toluene.

This optimal menthol yield was achieved after performing several experiments. From
experimental data and literature review [25], it was found that phosphotungstic acid is a
strong acid and creates strong Lewis and weak Bronsted acid sites over the alumina support
during impregnation. According to acidity strength, the order PTA > PMA > STA > SMA
was observed with the help of the amine titration technique and reaction performance [25].
Additionally, it was found from several experiments that alumina support was not suitable
for menthol synthesis because of its dehydration characteristic. Several experiments were
performed in multiple directions to obtain a higher yield of menthol, but all experimental
efforts failed because of continuous cracking and dehydration of isopulegol and menthol
isomers due to alumina’s dehydration characteristic. During the use of Pd precursors such
as palladium chloride and palladium acetyl-acetonate in the preparation of metal–acid
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catalysts, it was observed that the Pd acetyl-acetonate precursor is a very active for hy-
drogenation reactions, e.g., hydrogenation of citral to citronellal and hydrogenation of
citronellal to dihydrocitronellal. It favors the citronellal hydrogenation reaction instead of
citronellal cyclisation. Several experiments were conducted to obtain higher menthol yield
(~18.3%), e.g., lowering citronellal hydrogenation and promoting citronellal cyclisation,
but we could not achieve this goal. At higher temperatures (>70 ◦C) and higher pressures
(>1.0 to 3.0 MPA), C-C hydrogenation reaction rates were enhanced compared to the cycli-
sation rate. At lower temperatures (<70 ◦C) and pressures (<1.0 MPa), the hydrogenation
reaction rate decreased down and yielded only 2% menthol. The optimum process pa-
rameters (e.g., T = 70 ◦C, P = 0.5 MPa) were found to obtain the greatest menthol yield
(~18.3%), though 54% dihydrocitronellal and 18% cracked side products were also formed,
using palladium acetyl acetonate precursor-based catalyst. Similarly, toluene solvent was
found to be better than cyclohexane solvent in liquid-phase citral hydrogenation based on
catalytic activity and menthol yield (Figure 6).

Furthermore, the research was extended and PdCl2 precursor was doped on acidic
supports (e.g., PTA-Al2O3, PMA-Al2O3, SMA-Al2O3 and STA-Al2O3). This precursor-based
catalyst yielded a high amount of menthol (~45%) within 6 to 8 h. PdCl2-based catalysts
exhibited slow catalytic activity for citronellal hydrogenation and promoted citronellal
cyclisation to isopulegol. The hydrogenation rate of isopulegol to menthol was found to
be lower than the citral hydrogenation rate. The optimum conditions of T = 70 ◦C and
P = 0.5 MPa were found in the liquid-phase citral hydrogenation reaction based on menthol
production (~45%). Based on menthol yield, palladium chloride precursor was used in
the preparation of other bifunctional catalysts (e.g., 20 wt.% of PMA-Cat-I, SMA-Cat-I,
STA-Cat-I) using dry impregnation and ion-exchange methods. The ion-exchange method
(e.g., using toluene solvent) was found to be better than the dry impregnation method
based on catalytic activity and menthol yield. The performance of all catalysts (prepared
by ion-exchange method) is shown in Table 4. During experimental observations, higher
loading of heteropoly acid (~30 wt.% PTA) over the supported catalyst was not found to
be active and selective for menthol production (~19% yield). Generally, it was found that
high pressure in the reaction favored C-C hydrogenation, whereas high hydrogen pressure
was not suitable for menthol production. However, when the reaction was operated at
a high temperature (~100 ◦C), the C-C chain reaction rate slowed and unwanted cyclic
products, such as 4-isopropyl-1-methylcyclohex-ene/ane, were formed. Additionally, when
the reaction was conducted in the range of low temperatures (40 to 50 ◦C), the formation
of unwanted cyclic products was reduced (e.g., menthol formation was very low). The
formation of these side products (e.g., cracked cyclic compounds) is possibly due to the
removal of hydroxyl functional groups from isopulegol and menthol isomers. During the
reaction study, it was found that the increase in metal sites (e.g., more Pd loading) may
block acidic sites of PTA-Al2O3 and promote C-C chain reactions (e.g., hydrogenation).
More precisely, it was shown that greater loading of Pd metal over acidic support probably
blocks its active sites and inhibits cyclisation reaction. Furthermore, this phenomenon
promotes the formation of hydrogenated products. However, a higher temperature was not
suitable for liquid-phase citral hydrogenation in the presence of acidic catalysts because
it decomposed/cracked isopulegol and menthol isomers quickly and decreased menthol
yield. Therefore, 20 wt.% loading of phosphotungstic acid was found to be the optimum
loading based on catalytic activity, menthol selectivity (~45%), surface area and pore
volume. The initial reaction rate (e.g., PTA-Cat-I) for liquid-phase citral hydrogenation (k)
was measured (0.038 mmoles.min−1) (Table 4 and Figure 7).

Figure 7 reveals the product distribution of the hydrogenation reaction. Based on the
catalytic performance, PTA-Cat-I catalyst was observed to be an efficient and moderately
selective bifunctional catalyst for menthol synthesis. The formation of other side products
(e.g., citronellal ethers, methyl-4-propyl cyclohexane, cyclohexane-1-methyl-4-propylidene
and menthatri-ene) was possibly observed due to dehydration, hydrogenolysis and crack-
ing of isopulegol and menthol isomers [52,53]. From experimental data and the reaction
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mechanism, it was found that the bifunctional catalyst (PTA-Cat-I) also promoted side reac-
tions (e.g., dehydration and defunctionalization of isopulegol and menthol isomers) [53].
The higher production of menthol (~45%) is probably connected with desired and balanced
metal–acid sites. Furthermore, catalytic activity might be directly related to active metal
sites and high surface area and pore volume of the catalyst. Furthermore, it was shown
that higher heteropoly acid loading (>30 to 60%) would possibly block pores of support
and metal sites, and conceivably reduce mass transfer/diffusion of substrate molecules.
thereby decreasing catalytic activity and menthol selectivity.
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Figure 7. Reaction kinetics and product distribution (%) of 5% Pd-20% PTA- Al2O3 (PTA-
Cat-I) catalyst in liquid-phase citral hydrogenation (reaction conditions: temperature = 70 ◦C;
pressure = 0.5 MPa H2).

Maki Arvela et al. (2002) prepared Ru-, Rh- and Ni-supported catalysts in citral hydro-
genation and produced 92% citronellol [54]; they also studied side product formation and its
control. Samrat Mukherjee et al. (2006) determined the solvent’s effects on catalytic activity
and selectivity parameters in citral hydrogenation and evaluated its mechanisms [46].

Shu-Jen Chiang et al. (2007) prepared NiB/SiO2 catalyst and applied it in citral
hydrogenation, producing 98% citronellal/citronellal at low temperature. This is lower
than our reported result (100% citronellal, 95% dihydrocitronellal) within one hour [55].

The main reason for higher menthol production might be strong Lewis acid sites (as
well as weak Bronsted sites) with desired Pd metal sites. It is well known that citronellal
cyclisation is possible in the presence of strong Lewis and weak Bronsted acid sites. There
must be a balanced ratio of metal and acid sites (B/L) to obtain a selective and controlled
reaction path (e.g., from citral to menthol). Comparing the performance of various Pd-
based precursors, PdCl2 precursor (5 wt.%) was found to be more selective for menthol
production. The direct conversion of citronellal to menthol seems possible over balanced
metal and acid sites (strong Lewis and weak Bronsted acid sites), this would favor the
multistage complex reaction mechanism [29,52].

4. Conclusions

In this study, alumina (metal)-supported catalysts (e.g., Cat-I (Pd-Al2O3), Cat-II (Pt-
Al2O3), Cat-III (Ni-Al2O3), Cat-IV (Sn-Al2O3) and Cat-V (Cs-Al2O3)) and metal–acid-
supported alumina (e.g., Cat-I= Pd-Al2O3) (PTA-Cat-I; -PMA-Cat-I; STA-Cat-I, and SMA-
Cat-I) were prepared through wet impregnation and ion exchange techniques, respectively,
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and applied in citral hydrogenation. The selective bifunctional catalysts were analyzed
by PXRD, BET, FTIR, pyridine adsorption and amine titration techniques. The effects of
operating parameters were studied and compared with catalytic activity and menthol
selectivity. Menthol production was obtained from liquid-phase citral hydrogenation at 0%,
0%, 0%, 8% and 17% using Cat-I, Cat-II, Cat-III, Cat-IV and Cat-V, respectively. Pd-Al2O3
could produce 95% dihydrocitronellal product within 60 min. Furthermore, Pd-doped
alumina (Cat-I) catalyst was modified with impregnation of heteropoly acids and obtained
menthol production from liquid-phase citral hydrogenation of 45%, 27%, 13% and 4% using
PTA-Cat-I, PMA-Cat-I, STA-Cat-I and SMA-Cat-I, respectively, under controlled process
conditions (T = 70 ◦C and 0.5 MPa). High temperatures and pressures possibly promoted
hydrogenation reactions and yielded unwanted cyclic products. High rates of unwanted
cyclic products were formed due to the dehydration characteristic of the alumina support.
A balanced ratio of metal and acid sites catalyzed the conversion of citral to menthol
and enhanced its selectivity under optimized process parameters and with selective Pd
precursor. High loading of heteropoly acid (>20 wt.%) may block pores and metal sites,
causing a decrease in catalytic activity and selectivity. Optimum menthol production may
result from the presence of strong Lewis and weak Bronsted acid sites imbalanced with
Pd precursor (PdCl2) metal sites. Palladium acetyl acetonate precursor was found to be
highly active in hydrogenation reactions, as compared to palladium chloride, but it was not
helpful in producing a high amount of menthol. Optimized process conditions (5 wt.% Pd,
20% PTA, T = 70 ◦C and P = 0.5 MPa) and the ion-exchange technique were more effective
in attaining superior menthol selectivity.
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10. Mäki-Arvela, P.; Kumar, N.; Kubička, D.; Nasir, A.; Heikkilä, T.; Lehto, V.-P.; Sjöholm, R.; Salmi, T.; Murzin, D.Y. One-pot citral
transformation to menthol over bifunctional micro- and mesoporous metal modified catalysts: Effect of catalyst support and
metal. J. Mol. Catal. A Chem. 2005, 240, 72–81. [CrossRef]

11. Mäki-Arvela, P.; Kumar, N.; Nieminen, V.; Sjöholm, R.; Salmi, T.; Murzin, D.Y. Cyclization of citronellal over zeolites and
mesoporous materials for production of isopulegol. J. Catal. 2004, 225, 155–169. [CrossRef]

12. da Silva Rocha, K.A.; Robles-Dutenhefner, P.A.; Sousa, E.M.; Kozhevnikova, E.F.; Kozhevnikov, I.V.; Gusevskaya, E.V.
Pd–heteropoly acid as a bifunctional heterogeneous catalyst for one-pot conversion of citronellal to menthol. Appl. Catal. A Gen.
2007, 317, 171–174. [CrossRef]

13. Maeda, H.; Yamada, S.; Itoh, H.; Hori, Y. A dual catalyst system provides the shortest pathway for L-menthol synthesis. Chem.
Commun. 2012, 48, 1772–1774. [CrossRef]

14. Cirujano, F.; i Xamena, F.L.; Corma, A. MOFs as multifunctional catalysts: One-pot synthesis of menthol from citronellal over a
bifunctional MIL-101 catalyst. Dalton Trans. 2012, 41, 4249–4254. [CrossRef] [PubMed]

15. Negoi, A.; Wuttke, S.; Kemnitz, E.; Macovei, D.; Parvulescu, V.I.; Teodorescu, C.; Coman, S.M. One-Pot Synthesis of Menthol
Catalyzed by a Highly Diastereoselective Au/MgF2 Catalyst. Angew. Chem. Int. Ed. 2010, 49, 8134–8138. [CrossRef] [PubMed]

16. Virtanen, P.; Karhu, H.; Toth, G.; Kordas, K.; Mikkola, J.-P. Towards one-pot synthesis of menthols from citral: Modifying
supported ionic liquid catalysts (SILCAs) with Lewis and Brønsted acids. J. Catal. 2009, 263, 209–219. [CrossRef]

17. Nie, Y.; Jaenicke, S.; Chuah, G.K. Zr–Zeolite Beta: A New Heterogeneous Catalyst System for the Highly Selective Cascade
Transformation of Citral to (±)-Menthol. Chem. A Eur. J. 2009, 15, 1991–1999. [CrossRef] [PubMed]

18. Trasarti, A.F.; Marchi, A.J.; Apesteguıa, C. Highly selective synthesis of menthols from citral in a one-step process. J. Catal. 2004,
224, 484–488. [CrossRef]

19. Weingarten, R.; Tompsett, G.A.; Conner, W.C.; Huber, G.W. Design of solid acid catalysts for aqueous-phase dehydration of
carbohydrates: The role of Lewis and Brønsted acid sites. J. Catal. 2011, 279, 174–182. [CrossRef]

20. Corma, A.; Hamid, S.B.A.; Iborra, S.; Velty, A. Lewis and Brönsted basic active sites on solid catalysts and their role in the
synthesis of monoglycerides. J. Catal. 2005, 234, 340–347. [CrossRef]

21. Zabeti, M.; Wan Daud, W.M.A.; Aroua, M.K. Activity of solid catalysts for biodiesel production: A review. Fuel Process. Technol.
2009, 90, 770–777. [CrossRef]

22. Tanabe, K.; Hölderich, W.F. Industrial application of solid acid–base catalysts. Appl. Catal. A Gen. 1999, 181, 399–434. [CrossRef]
23. Yadav, G.D. Synergism of Clay and Heteropoly Acids as Nano-Catalysts for the Development of Green Processes with Potential

Industrial Applications. Catal. Surv. Asia 2005, 9, 117–137. [CrossRef]
24. Shah, A.K.; Maitlo, G.; Korai, R.M.; Unar, I.N.; Shah, A.A.; Khan, H.A.; Shah, S.F.A.; Ismail, U.; Park, Y.H. Citronellal cyclisation to

isopulegol over micro-mesoporous zsm-5 zeolite: Effects of desilication temperature on textural and catalytic properties. React.
Kinet. Mech. Catal. 2019, 128, 507–522. [CrossRef]

25. Timofeeva, M.N. Acid catalysis by heteropoly acids. Appl. Catal. A Gen. 2003, 256, 19–35. [CrossRef]
26. Bhorodwaj, S.K.; Dutta, D.K. Heteropoly acid supported modified Montmorillonite clay: An effective catalyst for the esterification

of acetic acid with sec-butanol. Appl. Catal. A Gen. 2010, 378, 221–226. [CrossRef]
27. Muhammad, A.H.; Shafaq, N.; Umer, R. Supported solid and heteropoly acid catalysts for production of biodiesel. Catal. Rev. Sci.

Eng. 2017, 59, 165–188. [CrossRef]
28. Farfan-Torres, E.M.; Sham, E.; Grange, P. Pillared clays: Preparation and characterization of zirconium pillared montmorillonite.

Catal. Today 1992, 15, 515–526. [CrossRef]
29. Ming-li, C.; Yong-fu, Y.; Ji-zu, Y.; Ming-he, C. Preparation and properties of pillared montmorillonite by polyhydroxyl-aluminum-

manganese cations. J. Wuhan Univ. Technol.-Mater. Sci. Ed. 2002, 17, 43–46. [CrossRef]
30. Shah, A.K.; Park, S.; Khan, H.A.; Bhatti, U.H.; Kumar, P.; Bhutto, A.W.; Park, Y.H. Citronellal cyclisation over heteropoly acid

supported on modified montmorillonite catalyst: Effects of acidity and pore structure on catalytic activity. Res. Chem. Intermed.
2018, 44, 2405–2423. [CrossRef]

31. Flessner, U.; Jones, D.J.; Rozière, J.; Zajac, J.; Storaro, L.; Lenarda, M.; Pavan, M.; Jiménez-López, A.; Rodríguez-Castellón, E.;
Trombetta, M.; et al. A study of the surface acidity of acid-treated montmorillonite clay catalysts. J. Mol. Catal. A Chem. 2001, 168,
247–256. [CrossRef]

32. Bieseki, L.; Bertell, F.; Treichel, H.; Penha, F.G.; Pergher, S.B.C. Acid treatments of montmorillonite-rich clay for Fe removal using
a factorial design method. Mater. Res. 2013, 16, 1122–1127. [CrossRef]

33. Adams, J.M. Synthetic organic chemistry using pillared, cation-exchanged and acid-treated montmorillonite catalysts—A review.
Appl. Clay Sci. 1987, 2, 309–342. [CrossRef]

http://doi.org/10.1016/j.jcat.2007.01.016
http://doi.org/10.1007/s11244-012-9850-y
http://doi.org/10.1016/j.cattod.2012.04.066
http://doi.org/10.1016/j.molcata.2005.06.023
http://doi.org/10.1016/j.jcat.2004.03.043
http://doi.org/10.1016/j.apcata.2006.10.019
http://doi.org/10.1039/c2cc16548a
http://doi.org/10.1039/c2dt12480g
http://www.ncbi.nlm.nih.gov/pubmed/22382815
http://doi.org/10.1002/anie.201002090
http://www.ncbi.nlm.nih.gov/pubmed/20857464
http://doi.org/10.1016/j.jcat.2009.02.005
http://doi.org/10.1002/chem.200801776
http://www.ncbi.nlm.nih.gov/pubmed/19132702
http://doi.org/10.1016/j.jcat.2004.03.016
http://doi.org/10.1016/j.jcat.2011.01.013
http://doi.org/10.1016/j.jcat.2005.06.023
http://doi.org/10.1016/j.fuproc.2009.03.010
http://doi.org/10.1016/S0926-860X(98)00397-4
http://doi.org/10.1007/s10563-005-5997-x
http://doi.org/10.1007/s11144-019-01617-6
http://doi.org/10.1016/S0926-860X(03)00386-7
http://doi.org/10.1016/j.apcata.2010.02.026
http://doi.org/10.1080/01614940.2017.1321452
http://doi.org/10.1016/0920-5861(92)85016-F
http://doi.org/10.1007/BF02832620
http://doi.org/10.1007/s11164-017-3237-4
http://doi.org/10.1016/S1381-1169(00)00540-9
http://doi.org/10.1590/S1516-14392013005000114
http://doi.org/10.1016/0169-1317(87)90039-1


Catalysts 2022, 12, 1069 17 of 17

34. Mishra, T.; Parida, K.M.; Rao, S.B. Transition Metal Oxide Pillared Clay: 1. A Comparative Study of Textural and Acidic Properties
of Fe(III) Pillared Montmorillonite and Pillared Acid Activated Montmorillonite. J. Colloid Interface Sci. 1996, 183, 176–183.
[CrossRef]

35. Bolognini, M.; Cavani, F.; Cimini, M.; Pozzo, L.D.; Maselli, L.; Venerito, D.; Pizzoli, F.; Veronesi, G. An environmentally friendly
synthesis of 2,4-dihydroxybenzophenone by the single-step O-mono-benzoylation of 1,3-dihydroxybenzene (resorcinol) and Fries
rearrangement of intermediate resorcinol monobenzoate: The activity of acid-treated montmorillonite clay catalysts. Comptes
Rendus Chim. 2004, 7, 143–150. [CrossRef]

36. Sharma, P.; Vyas, S.; Patel, A. Heteropolyacid supported onto neutral alumina: Characterization and esterification of 1◦ and 2◦

alcohol. J. Mol. Catal. A Chem. 2004, 214, 281–286. [CrossRef]
37. Haider, M.H.; Dummer, N.F.; Zhang, D.; Miedziak, P.; Davies, T.E.; Taylor, S.H.; Willock, D.J.; Knight, D.W.; Chadwick, D.;

Hutchings, G.J. Rubidium- and caesium-doped silicotungstic acid catalysts supported on alumina for the catalytic dehydration of
glycerol to acrolein. J. Catal. 2012, 286, 206–213. [CrossRef]

38. da Conceição, L.R.V.; Reis, C.E.; de Lima, R.; Cortez, D.V.; de Castro, H.F. Keggin-structure heteropolyacid supported on alumina
to be used in trans/esterification of high-acid feedstocks. RSC Adv. 2019, 9, 23450–23458. [CrossRef]

39. Cheng, J.; Zhang, Z.; Zhang, X.; Liu, J.; Zhou, J.; Cen, K. Hydrodeoxygenation and hydrocracking of microalgae biodiesel to
produce jet biofuel over H3PW12O40-Ni/hierarchical mesoporous zeolite Y catalyst. Fuel 2019, 245, 384–391. [CrossRef]

40. Wang, C.; Yang, J.; Sun, Y.; Li, Q.; Zheng, Y.; Hu, Y.H. Highly selective production of C5-C12 hydrocarbons over efficient
Ru/heteropoly-acid catalysts. Fuel 2019, 244, 395–402. [CrossRef]

41. Guo, H.; Hiraga, Y.; Qi, X.; Smith, R.L., Jr. Hydrogen gas-free processes for single-step preparation of transition-metal bifunctional
catalysts and one-pot γ-valerolactone synthesis in supercritical CO2-ionic liquid systems. J. Supercrit. Fluids 2019, 147, 263–270.
[CrossRef]

42. Mao, X.; Zhang, L.; Kour, G.; Zhou, S.; Wang, S.; Yan, C.; Zhu, Z.; Du, A. Defective Graphene on Transition Metal Surface:
Formation of Efficient Bifunctional Catalyst for Oxygen Evolution/Reduction Reactions in Alkaline Media. ACS Appl. Mater.
Interfaces 2019, 11, 17410–17415. [CrossRef] [PubMed]

43. Lear, T.; Marshall, R.; Gibson, E.K.; Schütt, T.; Klapötke, T.M.; Rupprechter, G.; Freund, H.-J.; Winfield, J.M.; Lennon, D. A model
high surface area alumina-supported palladium catalyst. Phys. Chem. Chem. Phys. 2005, 7, 565–567. [CrossRef] [PubMed]

44. Shah, A.K.; Maitlo, G.; Shah, A.A.; Channa, I.A.; Kandhro, G.A.; Maitlo, H.A.; Bhatti, U.H.; Shah, A.; Memon, A.Q.; Jatoi, A.S.;
et al. One pot menthol synthesis via hydrogenations of citral and citronellal over montmorillonite-supported Pd/Ni-heteropoly
acid bifunctional catalysts. React. Kinet. Mech. Catal. 2019, 128, 917–934. [CrossRef]

45. Benesi, H. Acidity of catalyst surfaces. II. Amine titration using Hammett indicators. J. Phys. Chem. 1957, 61, 970–973. [CrossRef]
46. Emeis, C.A. Determination of Integrated Molar Extinction Coefficients for Infrared Absorption Bands of Pyridine Adsorbed on

Solid Acid Catalysts. J. Catal. 1993, 141, 347–354. [CrossRef]
47. Mukherjee, S.; Vannice, M.A. Solvent effects in liquid-phase reactions: I. Activity and selectivity during citral hydrogenation on

Pt/SiO2 and evaluation of mass transfer effects. J. Catal. 2006, 243, 108–130. [CrossRef]
48. Mukherjee, S.; Vannice, M.A. Solvent effects in liquid-phase reactions II. Kinetic modeling for citral hydrogenation. J. Catal. 2006,

243, 131–148. [CrossRef]
49. Shi, B.; Davis, B.H. Alcohol dehydration: Mechanism of ether formation using an alumina catalyst. J. Catal. 1995, 157, 359–367.

[CrossRef]
50. Pines, H.; Haag, W.O. Alumina: Catalyst and Support. IX. 1 The Alumina Catalyzed Dehydration of Alcohols2, 3. J. Am. Chem.

Soc. 1961, 83, 2847–2852. [CrossRef]
51. Rudloff, E.v. A simple reagent for the specific dehydration of terpene alcohols. Can. J. Chem. 1961, 39, 1860–1864. [CrossRef]
52. Plößer, J.; Lucas, M.; Claus, P. Highly selective menthol synthesis by one-pot transformation of citronellal using Ru/H-BEA

catalysts. J. Catal. 2014, 320, 189–197. [CrossRef]
53. Yongzhong, Z.; Yuntong, N.; Jaenicke, S.; Chuah, G.-K. Cyclisation of citronellal over zirconium zeolite beta—A highly diastereos-

elective catalyst to (±)-isopulegol. J. Catal. 2005, 229, 404–413. [CrossRef]
54. Kazachenko, A.S.; Vasilieva, N.Y.; Fetisova, O.Y.; Sychev, V.V.; Elsuf’ev, E.V.; Malyar, Y.N.; Issaoui, N.; Miroshnikova, A.V.;

Borovkova, V.S.; Kazachenko, A.S.; et al. New reactions of betulin with sulfamic acid and ammonium sulfamate in the presence
of solid catalysts. Biomass Convers. Biorefinery 2022, 4, 1–12. [CrossRef]

55. Mäki-Arvela, P.; Tiainen, L.P.; Neyestanaki, A.K.; Sjöholm, R.; Rantakylä, T.K.; Laine, E.; Salmi, T.; Murzin, D.Y. Liquid phase
hydrogenation of citral: Suppression of side reactions. Appl. Catal. A Gen. 2002, 237, 181–200. [CrossRef]

http://doi.org/10.1006/jcis.1996.0532
http://doi.org/10.1016/j.crci.2003.12.005
http://doi.org/10.1016/j.molcata.2003.12.038
http://doi.org/10.1016/j.jcat.2011.11.004
http://doi.org/10.1039/C9RA04300D
http://doi.org/10.1016/j.fuel.2019.02.062
http://doi.org/10.1016/j.fuel.2019.02.024
http://doi.org/10.1016/j.supflu.2018.11.010
http://doi.org/10.1021/acsami.9b02588
http://www.ncbi.nlm.nih.gov/pubmed/31021081
http://doi.org/10.1039/B418708C
http://www.ncbi.nlm.nih.gov/pubmed/19787870
http://doi.org/10.1007/s11144-019-01679-6
http://doi.org/10.1021/j150553a030
http://doi.org/10.1006/jcat.1993.1145
http://doi.org/10.1016/j.jcat.2006.06.021
http://doi.org/10.1016/j.jcat.2006.06.018
http://doi.org/10.1006/jcat.1995.1301
http://doi.org/10.1021/ja01474a015
http://doi.org/10.1139/v61-249
http://doi.org/10.1016/j.jcat.2014.10.007
http://doi.org/10.1016/j.jcat.2004.11.015
http://doi.org/10.1007/s13399-022-02587-x
http://doi.org/10.1016/S0926-860X(02)00333-2

	Introduction 
	Material and Methods 
	Materials 
	Preparation of Bifunctional (Metal–Acid) Catalysts 
	Catalysts Characterization 
	Catalytic Reaction Study 
	Citronellal Cyclisation to Isopulegol 
	Synthesis of Menthols via Liquid-Phase Citral Hydrogenation 


	Results and Discussion 
	Catalysts Characterization 
	Reactions Study 
	Citronellal Cyclisation to Isopulegol 
	Citral Hydrogenation to Menthols 


	Conclusions 
	References

