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Abstract
In this work, we designed novel-based catalysts composed of metals and tungstophosphoric acid supported mesoporous clay 
through wetness impregnation and reduction methods for getting good activity and selectivity of menthols from catalytic 
hydrogenations of citral and citronellal. Clay was treated with 4 M HCl and then doped with 12-tungstophosphoric acid and 
Pd/Ni metals through wetness impregnation method. These catalysts were activated through hydrogen reduction method and 
applied in high-pressure hydrogenation reactions at optimum reaction conditions. Nickel-doped catalysts showed a good 
catalytic activity in liquid-phase citral hydrogenation and produced 56% menthols (e.g., selectivity). Similarly, Ni-doped 
and Pd-doped catalysts could produce 98% and 82% menthols yield/selectivity from citronellal hydrogenation with excellent 
catalytic activity (e.g., fast conversion), respectively. The catalytic activity and selectivity were connected with balanced 
metal–acid sites ratio (strong Lewis and medium Bronsted acid-sites) and the presence of mesopores. This multistage reac-
tion was possible in the presence of strong Lewis and medium Brønsted acid sites along with metal active sites.

Keywords  Citronellal · Isopulegol · Menthol · Metal–acid catalyst · Hydrogenation · Cyclization

Nomenclature
MC	� Mesoporous clay
TPA-MC	� 12-Tungstophosphoric acid supported 

mesoporous clay

Pd-TPA-MC	� Pd-doped over tungstophosphoric acid sup-
ported mesoporous clay

Ni-TPA-MC	� Ni-doped over tungstophosphoric acid sup-
ported mesoporous clay

1  Introduction

Owing to wide range of industrial applications of menthol 
such as pharmaceuticals, cooling agent, cosmetics, and 
tobacco, the synthesis of organic menthol has gained great 
attention in scientific world [1]. The total annual menthol 
demand is around 12,000 tons, 80% of which comes from 
natural resources and remaining 20% from synthetic routes 
which accounts 2500 tons [2]. Different synthetic meth-
ods for menthol production have been used which include 
(1) myrcene transformation to diethyl geranyl amine, then 
citronellal enamine to menthol, (2) piperitenone catalytic 
hydrogenation to pulegone and then to menthols, and (3) 
methyl esters hydrogenolysis with enzyme [2]. These syn-
thetic methods are very complex. Besides these methods, 
citronellal hydrogenation to menthol is easy route, which 
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is possible though metal–acid catalyst. Citronellal hydro-
genation to menthol is mainly comprised of consecutive 
reactions: (1) isopulegol produced by citronellal cycliza-
tion, (2) menthol production by isopulegol hydrogenation 
as described in Scheme 1 [3].

Menthol synthesis though this method is possible through 
active and selective metal–acid catalyst with optimized pro-
cess parameters. Some side effect reactions (e.g., hydrog-
enolysis, dehydration, or defunctionalization) occurrence is 
expected due to unsuitable design of catalysts, which may 
result in less menthol production. The acidic catalyst such 
as SiO2-Al2O3 [4], H-BEA zeolite [5], SiO2 [6], H-beta zeo-
lite[1], zeolites, SiO2-Al2O3 [7], and sulfated zirconia [8] is 
previously being widely applied but, owing to certain issues 
such as recyclability, activity loss, imbalance metal–acid 
sites, less selective, and lifetime stability, their utilization is 
limited these days. In citronellal hydrogenation, low menthol 
selectivity problems have been reported by many research-
ers. About 70% of menthol selectivity was reported in the 
study performed by Mertens et al. [1] through Pt/H-zeolite. 

Milone et al. [9] performed a study for the optimization of 
selectivity of menthol using silica and carbon catalyst sup-
ported by ruthenium (Ru); the results show 37 and 80% men-
thol selectivity. Similarly, Silva et al. [10] tested silica-oxide 
catalyst supported by Pd-heteropoly acid and found 36–85% 
menthol selectivity. Other researchers have also developed 
different kinds of functional catalyst such Negoi et al. [3] 
synthesized a catalyst by attaching two metals, gold, and 
fluorides in order to develop a bi-functional catalyst and 
tested for menthol selectivity. The results revealed about 
43–60.8% of menthol selectivity. Thus, researchers are in 
great intention to develop an efficient catalyst for in order to 
overcome currently reported issues.

Heteropoly acids are the class of strong acids, which have 
strong Bronsted acidity and catalytic activity [11]. In heter-
opoly acid family, phosphotungstic acid is the most stable 
(300–500 °C) and possesses highest Brønsted acidity [12]. 
However, the low surface properties of 12-tunsgtophos-
phoric acid and other its similar group acids have limited its 
wide range application [13]. This problem can be overcome 
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Scheme 1   Reaction network of liquid phase hydrogenation of citral and citronellal to menthols [2]
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by dispersing heteropoly acids on mesoporous materials in 
order to improve mass transfer and reaction rate.

In comparison with porous supports, montmorillonite 
clay can be considered as catalyst support in acid catalyzed 
reactions, because of its good catalytic, thermal, and acidic 
properties along with high surface area characteristics. 
Besides its advantages, it possesses a few drawbacks which 
can be resolved through acid-treatment (dealumination). The 
dealumination technique is known to improve the internal 
structure, surface area, acidic sites, and catalytic properties 
of the montmorillonite clay. The cation exchange capacity 
and physical properties could be changed by leaching alu-
mina, magnesium, and iron cations from interlayer tetrahe-
dron structure of montmorillonite clay [14].

The aim of this study is to overcome the drawbacks pre-
viously reported by dispersing HPA (12-tunsgtophosphoric 
acid) over mesoporous media. The clay was treated with 
acid in order to enhance the mesoporosity material for get-
ting good mass transfer rate in reaction [15]. The active and 
selective metal–acid catalysts were prepared using economi-
cal methods and were applied in catalytic hydrogenations 
of liquid-phase citral and citronellal reactions for menthol 
synthesis. The effects of metal loading, metal type, and pres-
sure variations have been studied on catalytic hydrogena-
tions of liquid-phase citral and citronellal reactions and their 
co-relation has been compared with menthol production.

2 � Material and methods

2.1 � Materials

For performing experiments, some specific laboratory-based 
chemicals such as NiNO3.6H2O, citral (95% pure), citronel-
lal (95% pure), montmorillonite clay (K10), nickel nitrate 
hexahydrate, PdCl2 (99.98%), 12-tunsgtophosphoric acid, 
ethyl alcohol, and HCl have been directly purchased from 
Sigma Aldrich, whereas cyclohexane solvent was obtained 
from Dae-Jung Chemicals. For the product identification 
(3,7-dimethyl1-octanol, citronellol, menthol, and isopulegol) 
of citral hydrogenation reaction, laboratory analysis-grade 
chemicals were purchased from Sigma Aldrich.

2.2 � Preparation of mesoporous montmorillonite 
clay

Ten grams of montmorillonite clay was poured into 100 ml 
HCl (4 M) solution and stirred at 80℃ for 4 h. After 4 h, 
clay was washed with distilled water and dried in an oven 
at 105℃ for 24 h. The dried clay was calcined at 200℃ for 
4 h in muffle furnace at rate of 5℃ temperature rise. This 
calcined material is being used as support for metal–acid 
catalyst preparation. It is assumed that HCl treatment helps 

in dealumination of montmorillonite clay and modify frame-
work structure that might bring surface properties. The pre-
pared support was coded as mesoporous clay “MC.”

2.3 � Preparation of metal doped 
12‑tungstophosphoric acid supported clay 
catalysts

12-tungstophosphoric acid (TPA)-supported mesoporous 
clay (MC) acid catalyst was prepared using wetness impreg-
nation method. Metal-supported catalysts such as 5%Pd-
MC, 2.5%Pd-TPA-MC, 5%Pd-TPA-MC, 5%Ni-TPA-MC, 
and 10%Ni-TPA-MC were designed using standard wetness 
impregnation method by doping metal precursors solution 
drop-wise over the surface of TPA-supported clay (acidic 
support). The metal precursors were dissolved into methanol 
solvent. The prepared catalysts were dried at 60 °C for 24 h 
and then calcined at 250–400 °C for 4 h at 5 °C/min tem-
perature rise. Pd-supported catalysts were reduced through 
hydrogen gas at 300 °C at flow rate of 20 ml/min, whereas 
Ni-supported catalysts were reduced through hydrogen gas 
at 500 °C at 20 ml/min flow rate. This reduction step was 
performed into glass type tubular furnace in the presence of 
hydrogen gas. Before and after catalyst reduction, system 
was purged with helium gas. Freshly reduced catalysts were 
applied in catalytic liquid phase citral and citronellal hydro-
genation reactions.

2.4 � Catalyst characterization

The characterization of prepared catalysts was carried out 
using XRD, pyridine adsorption, and BET techniques. Nitro-
gen sorption measurements were carried out at − 196 °C 
using Micrometrics TriStar II 3020. Prior to analysis, the 
prepared catalyst samples were degassed at 150 ~ 300 °C 
for 2 h. The Brunauer–Emmett–Teller (BET) method was 
applied to estimate specific surface areas [16]. Mesopore 
size distribution was calculated from the adsorption branch 
of the isotherm (BJH pore size model). The t-plot, accord-
ing to Lippens and de Boer, was used to estimate micro and 
mesoporosity contribution [15]. Fourier transform infrared 
spectroscopy of prepared materials were performed on a 
Nicolet, iS10 FTIR spectrometer (400–4000 cm−1, 8 cm−1 
optical resolution, co-addition of 32 scans) using dehydrated 
KBr-supported pellets. For the measurement of pyridine-
adsorbed Lewis and Bronsted acid sites of prepared materi-
als, self-supporting wafers (11 tons cm−2, 30 mg, 1 cm2) 
were dehydrated into especial designed stainless steel IR 
cell under vacuum (10−3 mbar) at 300 °C for 2 h. The hot 
pyridine vapors were further introduced into IR cell until 
pressure inside IR cell reached 5 bar pressure. The pyridine 
vapors were adsorbed on the pellet surface at 100 °C for 
2 h in order to avoid pyridine physisorption. After pyridine 



14026	 Biomass Conversion and Biorefinery (2023) 13:14023–14034

1 3

adsorption saturation, remaining pyridine was removed from 
IR cell at 150 °C for 15 min using vacuum condition. After 
physisorbed pyridine removal, IR cell was connected to 
infrared spectroscopy and recorded IR spectrum of sample 
under conditions of 600–4000 cm−1, 8 cm−1 optical resolu-
tion and co-addition of 32 scans. The accurate IR spectrum 
of material was collected after subtracting the spectrum of 
dehydrated sample from pyridine adsorbed spectrum [17]. 
The total concentrations of Bronsted acid sites (CB) and 
Lewis acid sites (CL) were calculated from the band areas of 
adsorbed pyridine at 1440 cm−1 and 1540 cm−1 using calcu-
lated molar extinction coefficients [18]. The acidity of pre-
pared catalysts was determined by amine titration technique 
as described in procedure [19] using 0.1 N n-butyl amine (in 
dry benzene) solution as weak base and dimethyl yellow as 
indicator. A total of 0.1 g of each acid type catalysts were 
poured along with addition of 9 mL dry benzene and dime-
thyl yellow indictor into 20-mL glass vials. These samples 
were further titrated drop-wise with butyl amine weak base 
until pink color changed to yellow color. Again, sample was 
stirred for 4 h and titrated again for getting complete satura-
tion point and final acidity of catalyst was calculated.

2.5 � Catalytic reaction study

2.5.1 � Catalytic hydrogenation of liquid phase citral

Fifty-milliliter autoclave reactor was used for carrying 
out consecutive reactions. Optimized amounts of citral 
(4.5 mmol), cyclohexane (25 ml), and activated catalyst 
(0.2 g) were poured in the 50-ml autoclave reactor. The auto-
clave reactor was connected with nitrogen and hydrogen gas 
cylinders. The reactor was purged three times with nitrogen 
gas and 0.5–1.0 MPA pressure was maintained inside reactor 
and temperature approximately 80 °C was fixed through tem-
perature controller. When required process parameters were 
achieved, then stirring (speed ~ 200 rpm/min) was started 
in the presence of hydrogen gas. The reaction was further 
preceded for long time (0–24 h). The reaction samples were 
taken at different time intervals and analyzed.

2.6 � Catalytic hydrogenation of liquid phase 
citronellal

Similar citronellal hydrogenation reaction procedure 
has been applied as mentioned in Sect. 2.5.1. Optimized 
amounts of citronellal (4.5 mmol), cyclohexane (25 ml), and 
activated catalyst (0.2 g) were poured in the 50-ml autoclave 
reactor. The autoclave reactor was connected with nitro-
gen and hydrogen gas cylinders. The reactor was purged 
three times with nitrogen gas and 0.5–1.0 MPA pressure 
was maintained inside reactor and temperature approxi-
mately 80 °C was fixed through temperature controller. 
When required process parameters were achieved, then stir-
ring (speed ~ 200 rpm/min) was started in the presence of 
hydrogen gas. The reaction was further preceded for long 
time (0–12 h). The reaction samples were taken at different 
time intervals and analyzed. The product samples of both 
reaction were analyzed using chiral column (Cyclodex-B 
(Agilent), with temperature conditions as described [20]. 
The unknown-formed products were identified by GC–MS 
(Agilent, Model# 7890A).

3 � Results and discussion

3.1 � Catalyst’s characterization

In our previous published paper [21], we have already 
discussed characterization of HPA-MM catalysts in detail. 
Therefore, we have provided here brief details of cata-
lyst characterization. Table 1 shows BET and pyridine 
adsorption data. BET surface area and pore volume of 
montmorillonite increased with acid-treatment, but it 
further decreased with impregnations of HPA and Pd/Ni 
metals. The prepared catalysts are more mesoporous in 
nature and possess high surface areas and pore volumes. 
The montmorillonite contains weak Lewis acidity, which 
enhanced with HPA impregnation. Ni- and Pd-supported 
catalysts contain strong Lewis acid sites and weak Brøn-
sted acid sites as shown in Table 1. Furthermore, in this 

Table 1   Catalysts 
characterization data of acid and 
metal–acid based catalysts

a Determined by nitrogen adsorption desorption method
b Determined by BJH method
c Determined by amine titration
d Determined by pyridine adsorption IR spectroscopy

Catalyst type BET
(m2/g).a

VP
(cc/g).b

dp
(nm)

Acidity.c Lewis sites.d Brønsted 
sites.d

B/L ratio

MC 164 0.24 3.8 0.31 89 14 0.16
TPA-MC 174 0.28 5.5 0.81 150 51 0.34
2.5% Pd-TPA-MC 170 0.26 5.1 0.75 142 45 0.316
10% Ni-TPA-MC 162 0.22 4.8 0.71 138 41 0.297
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research work, we authors have mainly focused on reac-
tion performance and determined parametric effects on 
menthol synthesis.

3.2 � Reactions study

Bifunctional catalysts (e.g., Pd and Ni doped over tung-
stophosphoric acid-supported clay) were prepared using 
wetness impregnation method and then were activated or 
reduced in tubular furnace through hydrogen at specific 
temperature and gas flow. These prepared catalysts were 
applied in both hydrogenation reactions (e.g., citral and 
citronellal hydrogenation. The influence of metal load-
ing, types of metals, and pressure loading on menthol 
synthesis were studied in both reactions; the details are 
shown in Scheme 1 [5].

In the 1st step, citral hydrogenation to menthol was stud-
ied. According to literature study, Pd [5] and Ni [22] metal 
precursors are found more selective for menthol synthesis. 
The main controlling reaction parameter is design of cata-
lysts and presence of required acid sites. In this perspec-
tive, we have tried to design catalysts according to reaction 
requirements. In our previous work [23], acidic catalysts 
were found more active and selective in citronellal cycliza-
tion for isopulegol formation; this performance was corre-
lated with balanced acid sites and presence of mesopores. 
For this perspective, TPA-supported clay catalyst was used 
as acidic support for the preparation of metal–acid-supported 
catalysts for both hydrogenation reactions. Mesoporous 
clay is porous and acidic nature. Further acidity strength 
(Lewis and Bronsted acid sites) of mesoporous clay is 
improved and imbalanced acid sites with impregnation of 
tungstophosphoric acid. This type of modification helps in 
catalytic activity and selectivity enhancement. TPA pos-
sesses low surface area, whereas mesoporous clay is porous 
in nature that helps reactant molecules fast mass transfer 
and diffusion.

3.3 � Catalytic reaction of liquid phase citral 
hydrogenation

Table 2 shows reaction performance of catalysts in citral 
hydrogenation to menthols and other products. In first 
stage, various supports such as alumina, silica, activated 
carbon, clay, and carbon nanotubes were combined with 
Pd metal precursors and then applied in citral hydro-
genation. All catalysts except silica and montmorillonite 
resulted formation of citronellal and dihydrocitronellal 
products. No more menthol yield was found. The silica 
and montmorillonite-supported metal could yield 5 to 
35% menthol. From our experiment observation, it has 
been observed that catalyst does not show any conversion 
(e.g., citronellal to isopuelgol) in the absence of acid sites 
on catalyst surface. Only metal sites can promote hydro-
genation reactions.

When Pd and Ni metals were attached with TPA-MC 
catalysts, the path of reaction shows higher selectivity for 
menthol synthesis. In initial reaction study, Pd metal showed 
a good catalytic activity and conversion of substrate as com-
pared to Ni metal. With increase of Pd or Ni loading, the 
catalytic activity further enhanced. When Pd loading is 
increased (~ 5% Pd), the acid sites were covered by metal 
sites and promoted hydrogenation instead of cyclization. 
That factor reduced menthol selectivity. The cyclization and 
hydrogenation were promoted by less dispersion of Pd over 
acid sites (surface catalyst). Experimental/reaction observa-
tions supported this mechanism.

A total of 2.5% Pd-MM catalyst could produce 35% men-
thol within 12 h with formation of other hydrogenated prod-
ucts at full conversion of citral substrate. This less selectivity 
is to be assumed because of weak acid site presence, which 
favored hydrogenation as compared to cyclization. When 
heteropoly acids were impregnated on montmorillonite 
surface, the acid sites were increased and high Lewis acid-
ity was produced on the surface of catalyst, which restrict 
hydrogenation of the citronellal to dihydrocitronellal and 

Table 2   Catalytic performance 
of metal–acid catalysts in citral 
hydrogenation for menthol 
synthesis

Reaction conditions: 4.5 mmol citral, 0.2 g catalyst, 25 ml cyclohexane, 80 °C, 0.5 ~ 1.0 MPa
MOL menthols, CAL citronellal, IPOL isopulegols, DHCAL dihydrocitronellal, DMOL 3,7-dimethyl-1-oc-
tanol

Catalyst type Press
(MPa)

R. time
(h)

Conv
(%)

MOL
(%)

CAL
(%)

IPOL
(%)

DHAL
(%)

DMOL
(%)

Others (%)

2.5% Pd-MC 0.5 12 100 35 0 0 34 7 25
2.5% Pd-TPA-MC 0.5 12 100 51 12 0 0 8 29
2.5% Pd-TPA-MC 1.0 12 100 39 0 0 25 16 20
5% Ni-TPA-MC 0.5 24 100 37 14 6 2 22 19
5% Ni-TPA-MC 1.0 24 100 44 7 8 3 21 17
10% Ni-TPA-MC 0.5 24 100 41 10 5 1 18 25
10% Ni-TPA-MC 1.0 24 100 56 0 2 0 12 30
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favor to citronellal cyclization to isopulegol. A total of 2.5% 
Pd-TPA-MC could yield 51% menthol within 12 h at low 
pressure (0.5 MPa). Furthermore, we determined effect of 
high pressure (1.0 MPa) using same catalyst. This high-
pressure effect reduced menthol yield and resulted approxi-
mately ~ 39% menthol at full substrate conversion. The high-
pressure hydrogen gas activates metal sites and promotes 
them for hydrogenation of citronellal to dihydrocitronellal 
then 3, 7 dimethyl octanols instead of cyclization. High 
hydrogenation pressure promotes hydrogenolysis product 
formation that caused low formation of menthols, because 
higher pressure increased hydrogenation reaction rate and 
was too difficult to control hydrogenation of citronellal inter-
mediate to dihydrocitronellal and to favor towards cycliza-
tion of citronellal to isopulegols [20]. Low hydrogenation 
pressure (0.5 MPa) showed low reaction rate and it was 
possible to cyclize citronellal intermediate to isopulegols, 
then menthols effectively. Pd also showed optimum reaction 
selectivity towards menthols synthesis, due to low hydro-
genation reaction rate of citronellal intermediate towards 
dihydrocitronellal, and it caused 94% citronellal conversion 
to menthols (59%) and other cyclic products (26%). Dur-
ing hydrogenation, citronellal intermediate molecules have 
contact with sites of Lewis and Bronsted acid of catalyst and 
promoted it into cyclic isopulegol (28%), and hydrogenated 
it to desired menthol product.

Further menthol synthesis study was extended, and 
nickel-based catalysts were prepared, and above-described 
parameters were evaluated as shown in Table 2.

The 5% Ni-TPA-MC at low pressure (0.5 MPa) results 
37% menthol within 24 h. When hydrogen pressure was 
increased up to 1.0 MPa, that resulted more production of 
menthol which is approximately 44% at full substrate con-
version. It is observed that nickel metal-based catalysts are 
found less active and consuming more time in multistage 
reactions. Therefore, Ni loading was enhanced up to (~ 10%) 
and applied in citral hydrogenation at low and high pres-
sures. More Ni (~ 10%) loading at low pressure showed more 
activity and high selectivity (~ 44%) as compared to 5% Ni-
based catalyst. Further increasing hydrogen pressure, cata-
lytic activity, and menthol selectivity enhanced. This catalyst 
(10% HPA-MM) could yield highest menthol yield (~ 56%) 
with formation of 30% other cyclic products. In multistage 
reaction, many side reaction products were produced due 
to dehydration, defunctionalization, and isomerization of 
isopulegols and menthols. The presence of strong Brønsted 
acid sites can result dehydration or isomerization reactions, 
which can result more reduction of menthol yield.

In general discussion, low Pd content (~ 2.5 wt%) favored 
full conversion of citral to citronellal in 1st step of reaction. 
Afterwards, citronellal can be transformed into various prod-
ucts like isopulegol, dihydrocitronellal, 3,7-dimethyl-1-oc-
tanol, and other cyclic compounds. Pd also dehydrated and 

defunctionalized menthols and isopulegols and generated 
25% side products like citronellal ethers, methyl-4-propyl 
cyclohexane, cyclohexane-1-methyl-4-propylidene, and 
menthatriene [5]. Pd metal has strong capability for hydro-
genation reaction. High Pd content strongly favored to 
hydrogenate citral to citronellal, then to dihydrocitronellal 
[3]. The catalytic activity rate was improved on increasing 
Pd percent. Higher Pd content was not suitable for menthols 
yielding and all citronellal intermediate product was con-
verted to dihydrocitronellal effectively [3]. Low Pd content 
reduced catalytic activity for hydrogenation of citronellal 
intermediate product to dihydrocitronellal and favored direct 
synthesis chemical route to menthols. The rate of dehydra-
tion or defunctionalization of menthols/isopulegols was 
dependent on Pd content and acid site strength and their 
nature [7]. The role of metal type, acid sites, chemical com-
pound nature, and process parameters is very important for 
getting high yield of menthols. Nickel-based catalysts pro-
duced high percentage of menthols but menthols/isopulegol 
products were further dehydrated or cracked into other side 
cyclic products. Our optimum menthol production (~ 56%) 
is best as compared to others. Literature review  justified that 
silica and alumina contain only Lewis acidic characteristics 
which are not suitable for citronellal cyclization. Our pre-
pared catalysts contain good catalytic activity and selectivity 
because of strong Lewis acidity and weak Brønsted acidity 
characteristics.

Above-described same parameters were considered 
for one pot synthesis of citral hydrogenation to menthols 
(Scheme 1) [2]. Pd- and Ni-impregnated PTA-supported 
mesoporous K-10 montmorillonite catalysts were tested for 
higher menthols yielding.

3.4 � Effects of metal type on menthol yielding

Palladium and nickel metals were impregnated on PTA-sup-
ported mesoporous K-10 montmorillonite and were tested in 
citral hydrogenation for menthol yielding. Pd and Ni metals 
favored to one pot synthesis route towards menthols. Palladi-
um’s catalytic activity was higher than Ni. Low content (2.5 
wt. %) of Pd slightly favored to hydrogenation of citronellal 
to dihydrocitronellal (6%). Pd also dehydrated and defunc-
tionalized menthols and isopulegols and generated 25% side 
products like citronellal ethers, methyl-4-propyl cyclohex-
ane, cyclohexane-1-methyl-4-propylidene, and menthatriene 
[7]. Ni catalyst also favored direct one pot synthesis route 
to menthols and also slightly favored hydrogenation of cit-
ronellal to dihydrocitronellal, then 3, 7 dimethyloctanol. 
Ni catalytic activity was slow that caused in slow conver-
sion of citral to citronellal, then isopulegols and menthols. 
Ni-type catalyst also generated many cyclic side products 
(29%). According menthol selectivity, Pd could yield 59% 
menthols as compared with Ni, it optimized menthol yield 
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about 56% (Fig. 1). Pd-PTA-MMT catalyst was found best 
than Ni-PTA-MMT. Our optimum menthol yielding rate was 
higher than compared to here [2, 3].

3.5 � Effects of metal loadings on menthols yielding

Pd metals have strong capability for hydrogenation reaction. 
High Pd content strongly favored to hydrogenate citral to 
citronellal, then to dihydrocitronellal 5 [3]. The catalytic 
activity rate was improved on increasing Pd percent. Higher 
Pd content was not suitable for menthols yielding and all 
citronellal intermediate product citronella was converted to 
dihydrocitronellal 5 effectively [3]. Low Pd content reduced 
catalytic activity for hydrogenation of citronellal interme-
diate product citronellal to dihydrocitronellal and favored 
direct synthesis chemical route to menthols. The rate of 

dehydration or defunctionalization of menthols/isopulegols 
was dependent on Pd content on acid support [2], whereas 
2.5 wt. % Pd-PTA-MMT could yield 59% menthols at 6% 
hydrogenolysis product formation rate. Catalytic activity and 
reaction rate were improved on increasing Ni content. At 5 
wt. %Ni content, conversion rate was slow as compared to 10 
wt. % Ni content. Five percent Ni-PTA-MMT could convert 
all citronellal within 24 h as compared 10 wt. % Ni-PTA-
MMT (11 h) (Fig. 2).

3.6 � Effects of pressure variations on menthol 
yielding

Same reaction behavior of citronellal hydrogenation was 
observed in citral hydrogenation on hydrogen pressure 
variations (Fig. 3). High hydrogenation pressure promotes 

Fig. 1   Shows experimental set 
up and catalyst preparation and 
characterization equipments (a) 
Muffle furnace used for calcina-
tion and (b) tubular furnace 
used hydrogen reduction of 
catalyst (c) Pyridine adsorption 
system (d) Pyridine adsorption 
system connected with FTIR 
and (e) Autoclav hydrogenation 
apparatus

1. Electric heating block; 2. Sampling port;  3. 

Cooling water inlet;  4. Solenoid valve;
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hydrogenolysis product formation that caused low formation 
of menthols, because higher pressure increased hydrogenation 
reaction rate and was too difficult to control hydrogenation 
of citronellal intermediate to dihydrocitronellal and to 
favor towards cyclization of citronellal to isopulegols. Low 
hydrogenation pressure (0.5 MPa) showed low reaction 
rate and it was possible to cyclize citronellal intermediate 
citronellal to isopulegols, then menthols effectively. Pd 
also showed optimum reaction selectivity towards menthol 
synthesis, due to low hydrogenation reaction rate of 
citronellal intermediate citronellal towards dihydrocitronellal 
and it caused 94% citronellal conversion to menthols (59%) 
and other cyclic products (26%). During hydrogenation, 
citronellal intermediate citronellal molecules have contact 
with sites of Lewis and Bronsted acid of catalyst and 
promoted it into cyclic isopulegol, and hydrogenated it to 
desired menthol product as shown in Fig. 3(a) and (b). Due 
to effect of hydrogen pressure, molecules of reactant and 
hydrogen molecules are colliding each other and reacting on 
bifunctional catalyst structure. High hydrogenation pressure 
(1.0 MPa) increased chemical reaction rate of citral. During 
continuous citral hydrogenation reaction, all citral reactant 
was converted within 12  h and yielded 24% menthols 
as compared low pressure (0.5 MPa) hydrogenation that 
resulted zero menthol yield in same reaction period. High 
hydrogenation pressure and high Ni content were considered 
best for menthols yielding and high chemical reaction rate. 
At 1.0 MPa, 5 wt. % and 10 wt. % Ni-PTA-MMT yielded 
37% and 56% menthols and 17% and 30% cyclic side 
products respectively within 50 h. Ni-type catalyst in citral 
hydrogenation also favored hydrogenation of citronellal 
intermediate to dihydrocitronellal, then 3,7- dimethyloctanol. 
This catalytic performance rate of Ni bifunctional catalysts 
in accordance with menthol selectivity was different in 
citral and citronellal hydrogenation. Finally concluded that 

optimum reactivity and menthols yielding were obtained at 
high pressure (1.0 MPa) using low Pd (2.5 wt. %) and high Ni 
(10 wt. %) content during catalytic citral hydrogenation [11].

3.7 � Effects of reaction time on menthol yielding

The catalytic performance of Pd- and Ni-type catalysts 
was determined for menthols yielding on the basis of metal 
loading and pressure variations. The complete conversion 
rate of citral was possible optimally within 1-h reaction 
period. High Pd (> 2.5 wt. %) and pressure (> 0.5 MPa) 
increased hydrogenation reaction rate and catalytic 
activity. On continuous hydrogenation reaction, 3–4% 
more menthol-dehydrated products were reported within 
19-h reaction. In the case of Ni, catalytic performance and 
overall chemical reaction rate performance was slow [2]. 
The menthols yielding was possible when all citral reactants 
were converted to citronellal and isopulegols intermediates, 
then hydrogenation of isopulegols promoted to menthols. 
Mostly menthol yielding was possible after 20 and 10 h of 
citral hydrogenation reaction by use of 5 wt. % and 10 wt. % 
Ni-TPA-MC at 1.0 MPa. In considering low hydrogenation 
pressure, menthols yielding was possible after 20 h citral 
hydrogenation reaction using 10 wt. % Ni at 0.5 MPa at 
81% conversion rate. The menthol selectivity was improved 
with reaction time; besides it, side products were also 
formed. It was an interesting point that menthol product 
not appeared in reaction until all citral was totally converted 
to citronellal and isopulegols. After full conversion of citral, 
menthol formation rate was increased, because molecules of 
isopulegols were activated and hydrogenated to menthols. 
The catalytic reaction behavior might be changed due to 
interaction of reactants with bifunctional catalyst surface, 
adsorption and desorption of reactants and products, 
process parameters, and metal type [2]. Menthol yield 

Fig. 2   Citral hydrogenation to 
menthols by palladium-doped 
tungstophosphoric acid sup-
ported mesoporous clay catalyst 
at 100% conversion rate apply-
ing process parameters 80 °C 
and 0.5 MPa hydrogen pressure
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was improved with reaction time in the use of Ni catalyst, 
but menthols yielding was decreased in case of Pd due 
to decomposition of menthols by dehydration reaction as 
highlighted in Fig. 4.

3.7.1 � Catalytic reaction study of citronellal hydrogenation

In one pot menthol synthesis from citral hydrogenation, 
very important observations were measured. Furthermore, 

Fig. 3   (a) Citral hydrogenation 
to menthols. Product yields and 
citral conversion as function 
of different metal loading and 
hydrogenation reaction pres-
sures Autoclave hydrogenation 
apparatus for one pot menthol 
synthesis from citral/citronellal. 
(b) Products distributions in one 
pot synthesis from citral hydro-
genation by using catalyst-1 at 
0.5 MPa pressure condition. 
(c) Citronellal hydrogenation 
to menthols. Product yields 
and citronellal conversion as 
function of different loadings of 
metal and pressures
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we extended our experimental study on one pot menthol 
synthesis from citronellal hydrogenation and determined 
effects of metal type, metal loading, and pressure variations 
on catalytic activity and menthol selectivity. In this experi-
ment, we started reaction in the presence of nitrogen gas in 
order to promote citronellal cyclization to isopulegol and 
avoid hydrogenation of citronellal to dihydrocitronellal and 
3, 7-dimethyl 1-octanol. Within 1 h, all citronellal substrate 
molecules were completely converted to isopulegol isomers 
(~ 98% isopulegol selectivity at full conversion). This result 
was possible because metal acid sites were inactive because 
in absence of hydrogenation and acid sites became more 
active and promoted cyclization reaction. This cycliza-
tion reaction was possible in the presence of strong Lewis 
acid sites and weak Brønsted acid sites, which is already 

explained its reaction phenomena in our published paper 
[23].

Table 3 shows reaction performance of catalysts in cit-
ronellal hydrogenation. A total of 2.5% Pd-TPA-MC cat-
alyst could produce 82% menthol within 3 h at low pres-
sure and remaining isopulegol and menthol products were 
defunctionalized or dehydrated in other cyclic compounds, 
whereas 6% citronellal molecules were hydrogenated into 
dihydrocitronellal and 3,7-dimethyl-1-octanol products. Less 
formation of hydrogenated products were due to low pres-
sure of hydrogen (~ 0.5 MPa). When hydrogen gas pressure 
was increased up to 1.0 MPa, the reaction scenario became 
changed and menthol yield obtained 64%, because Pd metal 
sites were more active in presence of hydrogen gas mol-
ecules and promoted citronellal hydrogenation to dihydroc-
itronellal and 3,7 dimethyl octanol partially (~ 20%). The 
catalytic activity or conversion rates were enhanced under 
high pressure of hydrogen gas; this change might be due to 
fast collision of molecules inside reactor.

Further loading of Pd (~ 5%) on acidic support was 
increased and pressure effects were determined as earlier 
discussed above. With doping of high amount of Pd pre-
cursor on support, menthol yield decreased (approximately 
obtained 60%) under low hydrogen pressure (~ 0.5 MPa). 
Further hydrogen gas pressure increased up to 1.0 MPa; the 
menthol yield further decreased (approximately obtained 
46%). This change more favored to citronellal hydrogena-
tion to dihydrocitronellal and 3,7-dimethyl octanol. This 
drastically reduction in menthol production has close con-
nection with number of metal acid sites and their distribu-
tion over acidic support. It can be assumed that more Pd 
loading can block acid sites of support and citronellal reac-
tants had more contact with metal acid sites that promotes 

Fig. 4   Citronellal hydrogenation to menthols by palladium tung-
stophosphoric acid supported mesoporous clay catalysts. Reaction 
conditions: 4.5 mmol citronellal, 25 ml cyclohexane and 0.2 g cata-
lyst, 80 °C and 0.5 MPa hydrogen pressure

Table 3   Catalytic performance of metal–acid catalysts in citronellal hydrogenation for menthol synthesis

Reaction parameters: 4.5 mmol citronellal, 0.2 g catalyst, 25 ml cyclohexane solvent, 80 °C, 0.5–1.0 MPa
1 Menthols
2 Isopulegols
3 Dihydrocitronellal
4 3,7-dimethyl-1-octanol

Catalyst type Press
(MPa)

R. time (h) Conv. (%) Select
(%)

MOL.1
(%)

IPOL.2
(%)

DHAL.3
(%)

DMOL.4
(%)

Others (%)

2.5% Pd-TPA-MC 0.5 3.0 100 82 82 0 3 3 13
2.5% Pd-TPA-MC 1.0 2.0 98 63 63 2 9 11 15
5% Pd-TPA-MC 0.5 3.0 100 60 60 0 25 5 10
5% Pd-TPA-MC 1.0 1.0 100 46 46 3 36 8 7
5% Ni-TPA-MC 0.5 12 100 96 96 2 0 0 2
5% Ni-TPA-MC 1.0 12 87 89 77 4 0 0 6
10% Ni-TPA-MC 0.5 12 100 98 98 0 0 0 2
10% Ni-TPA-MC 1.0 12 100 95 95 0 0 1 4
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citronellal hydrogenation reaction. In other words, we can 
say that metal sites suppress acidic sites that restrict cycliza-
tion reaction.

Similarly following reaction study, Ni-based cata-
lyst was applied in citronellal hydrogenation as same as 
described above. Five percent Ni-TPA-MC catalyst yielded 
96% menthols under low hydrogen pressure within 12 h. 
Nickel-based catalyst did not promote citronellal hydro-
genation to dihydrocitronellal and 3,7-dimethyl-1-octanol. 
Experimental results declare that approximately 100% cit-
ronellal substrate was converted to isopulegol and men-
thol. When pressure was increased up to 1.0 MPa, the reac-
tion rate became low and yielded 77% menthols along with 
other side product formation. It was thought that catalytic 
activity and selectivity were suppressed with the effect of 
high pressure of hydrogen gas.

With increase in nickel loading (~ 10% Ni), the cata-
lytic activity (conversion ~ 100%) and selectivity (~ 98%) 
improved at 0.5 MPa pressure as compared to 5% Ni-
HPA-MM catalyst. Further selectivity rate decreased (98 
to 95%) on increasing hydrogen pressure. Some menthol 
isomers did not remain stable and decomposed into other 
cyclic compounds under high pressure. On the basis of 
catalytic activity, Pd-supported catalysts were found more 
active, whereas Ni-based catalysts were considered more 
selective for menthols production. Nickel-based catalysts 
had low catalytic activity as compared to Pd-supported 
catalysts, but nickel-supported catalysts did not favor to 
hydrogenolysis and dehydration reactions. In comparison, 
citronellal hydrogenation to menthol was carried out by 
using two steps: (1) citronellal cyclization to isopulegol 
using nitrogen gas instead hydrogen gas, and (2) isop-
ulegol hydrogenation to menthol using hydrogen gas. Pd-
supported catalyst could yield 85% menthols along with 
15% side reaction product formation, whereas Ni cata-
lyst yielded 99% menthols but catalytic activity remained 
lower than Pd catalyst. On the basis of GC–MS analysis, 
many side products such as cyclohexane-1-methyl-4-pro-
pylidene, methyl-4-propyl cyclohexane, citronellal ethers, 
and menthatriene [6, 10] were formed. High Pd metal con-
tent favored hydrogenolysis and dehydration reactions. 
Experimental data and our previous work suggest that 
citronellal cyclization to isopulegol occurs through proto-
nation–deprotonation mechanism with the help of strong 
Lewis and weak Brønsted acid sites. When citronellal mol-
ecule binds with Lewis acid site via the aldehyde oxygen, 
this brings the citronellal into an orientation favorable 
for ring closure through an intramolecular carbonyl-ene 
(C–C) reaction. In the transition state, protonation of the 
oxygen occurs via a neighboring Brønsted hydroxyl group, 
together with an abstraction of hydrogen from the isopro-
pyl group followed by ring closure to form isopulegol.

3.8 � Recyclability test

The recyclability test of good catalyst Ni-doped mesoporous 
clay has been evaluated in liquid-phase citral hydrogenation 
reaction. In 1st cycle, 100% citral reactant was consumed 
and catalyst was washed with cyclohexane solvent and dried 
then used in reaction as 2nd cycle, whereas the citral conver-
sion remained 98% and 96% in 2nd and 3rd reaction cycle, 
respectively (Fig. 5).

4 � Conclusion

Dual properties (metal–acid)-type catalysts were designed 
by doping metals and 12-tungstophosphoric acid over 
mesoporous type clay. These catalysts were calcined and 
activated using high-temperature calcination and reduction 
methods, respectively, and characterized. The novel catalysts 
were applied in catalytic hydrogenations of citral and citron-
ellal reactions. The reaction kinetics study and various pro-
cess parameters were studied and correlated with catalytic 
activity and menthol production. In chemical reaction study, 
Ni/TPA-MC (10% Ni-doped) catalyst yielded 56% menthols 
at low pressure (0.5 MPa), whereas 44% side products were 
formed. When hydrogen gas pressure was enhanced up to 
1.0 MPa, the menthol yield was improved (in case of Ni-
doped catalyst, viva versa for Pd-doped catalyst) in catalytic 
citral hydrogenation reaction, whereas Pd-doped catalysts 
showed highest catalytic activity but menthol formation was 
low as compared to Ni-doped catalyst. With increase in Pd 
concentration, catalytic activity enhanced but menthol for-
mation was low. In case of Ni, catalytic activity and men-
thol production were improved with increase in Ni content 
(maximum 10%).

In citronellal hydrogenation, 10% Ni-TPA-MC catalyst at 
low hydrogen pressure (0.5 MPa) showed highest menthol 
selectivity (~ 98%) as compared to Pd-supported catalyst 

Fig. 5   Recyclability test of Ni-doped mesoporous clay catalyst in cit-
ral hydrogenation
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(~ 82%). With increase in Pd metal sites and hydrogen pres-
sure, the catalytic activity improved but menthol selectiv-
ity decreased. The direct conversion of citral to menthol is 
complex reaction; it majorly depends on designing of cata-
lyst, optimized process parameters, and balanced ratio of 
metal–acid sites. The reaction rate and mass transfer are also 
enhanced due to presence of mesopores and high surface 
area of support. The strong Lewis and medium Bronsted 
acid sites are main responsible for complete cyclization of 
citronellal to isopulegol under desired metal acid sites and 
process parameters.
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