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Abstract
One-pot synthesis of menthol from citronellal or citral was summarized. Both batch and continuous reactors have been 
recently applied. This reaction is very complex and a bifunctional catalyst exhibiting especially Lewis acid sites for cyclisa-
tion of citronellal to isopulegol are needed, while metal particles are required for its hydrogenation to menthols. Typically, 
too mild acidity of the catalyst and small particles do not catalyze menthol formation. Furthermore, too high acidity causes 
catalyst deactivation and dehydration of menthol. Very high menthol yields have been obtained in batch reactor over nobel 
and transition metal supported bifunctional catalysts. Shape selectivity was demonstrated for Ni-supported on Zr-modified 
beta zeolite, which gave high diastereoselectivity to the desired L-menthol. Recently one-pot synthesis of menthol in a trickle 
bed reactor has been investigated. Catalyst suffers only minor deactivation in transformation of citronellal to menthol, while 
more severe catalyst deactivation occurred in transforming citral to menthols. Noteworthy from the industrial point of view 
is that the product distribution obtained with the same catalyst under kinetic regime or under diffusional limitations differs 
from each other. The metal location and synthesis method of extrudates can have a major effect on the catalyst performance. 
Kinetic modelling of the data obtained from the trickle bed reactor considering the effectiveness factor is discussed.

Graphical Abstract
The results from one-pot synthesis of menthol finding applications in pharmaceuticals and fragrances from citral and its 
hydrogenated product, citronellal over bifunctional catalysts metal–acid are summarized. The relationship between the 
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catalyst properties and the performance is discussed. In the continuous mode catalyst deactivation becomes apparent and in 
such mode of operation the product distribution might differ from those obtained in a batch reactor.

Keywords Citral · Citronellal · Menthol · Trickle bed reactor

1 Introduction

Menthol is an important chemical, which is used in pharma-
ceutical, cosmetic and flavoring applications [1]. The desired 
menthol stereoisomer with the most effective coolant sensa-
tion is (−)-menthol among its eight possible stereoisomers 
including: (±)-neomenthol, (±)-menthol, (±)-isomenthol 
and (±)-neoisomenthol [2]. Natural menthol, obtained from 
peppermint essential oil separation, does not correspond to 
its increasing demand, and thus synthetic menthol process 
has been developed by several companies. In the Haarmann 
& Reimer process, m-cresol is first propylated to thymol and 
the product is thereafter hydrogenated to racemic (±)-men-
thols over Ru/Al2O3 catalyst. The desired product (−)-men-
thol is obtained from racemic (±)-menthols by separation 
crystallization process [3]. In the Takasago process myrcene 
is transformed to (−)-menthol with a Rh-BINAP catalyst [4, 
5]. In addition, BASF is also producing (−)-menthol start-
ing from enantioselective hydrogenation of nerol to (+)-cit-
ronellal by its cyclization to (−)-isopulegol and further of 
(−)-menthol [6].

Currently a lot of research efforts are devoted to develop 
new processes based on natural feedstock. A recent review 

summarizes industrial synthesis routes for (−)-menthol [6]. 
One possible feedstock is citral [7–18] and its derivative 
citronellal [19–36] used as starting materials for production 
of menthol in a one-pot fashion. The reaction scheme for 
citral transformation to menthols is shown in Fig. 1. In addi-
tion to menthols formed through cyclisation of citronellal 
to isopulegol and subsequent hydrogenation, citral can be 
hydrogenated to acyclic products. Other possible size reac-
tions are dehydration of menthols [14, 37] and dimerization 
of citronellal [20] over acidic catalysts (Scheme 1).

The key step in one-pot synthesis of menthol from citral 
and citronellal is the cyclisation of citronellal, which is the 
rate determining step [30]. Cyclisation of citronellal occurs 
on Lewis acid sites, e.g.  ZnCl2 can coordinate citronellal 
through its carbonyl group [38, 39], while for example Zr 
ion can activate the electron rich double bond facilitating 
favourable orientation of citronellal for the ring closure. 
Alternatively,  Fe2+ or  Fe3+ species [40] or Al species [41] 
act as Lewis acid sites. Thereafter isopulegol hydrogenation 
is straightforward. The challenge is, however, in citral trans-
formations that the amount of Brønsted acid sites should 
not be too high, because otherwise dehydration of menthol 
to menthenes and menthanes is observed. Dehydration of 
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menthol occurs in the presence of an acidic catalyst, when 
a carbocation is formed via a hybrid shift and the formed 
water is cleaved [14].

Furthermore, some two-step concepts have been devel-
oped [40, 42]. Citral is present in essential oil and can be 
separated by distillation of lemongrass oil [18]. Further-
more, a continuous industrial process for production of citral 
was established in 2004 by BASF in Ludwigshafen, with 
the annual capacity of 40,000 metric tons [43] Citral can be 

further selectively hydrogenated to citronellal using metal-
supported catalysts.

The aim in this work is to summarize the recent develop-
ments in one-pot synthesis of menthol from citronellal and 
citral over heterogeneous catalysts including the work of 
the authors. The main emphasis is put on catalyst properties 
such as acidity and metal particles size as well as on reaction 
conditions in one-pot synthesis of menthols in a batch reac-
tor, when the reaction is performed under kinetic regime. 
In addition, the results from the continuous reactor will be 
summarized and compared with those performed in a batch 
operation in the absence of mass transfer limitations.

2  Catalyst Selection for Menthol Production

2.1  Metal Selection, Particle Size and Loading

One-pot transformations of citronellal have been intensively 
investigated in batch reactors with high menthol yields 
obtained over several bifunctional catalysts as summarized 
for the highest menthol yields in Table 1. Among very selec-
tive catalysts are 3 wt% Ir-Beta [34, 36], 3 wt% Ni/S-ZrO2 
[23], 1.5 wt% Pd supported on heteropolyacid-SiO2 [31], 2 
wt% Pt/H-Beta and 4 wt% Au/MgF2 [33]. Obviously, these 
catalysts differ much from each other. As can be seen from 
this list, both noble metals, Ir, Pt and Pd as well as transition 
metals, e.g. Ni have given excellent results at low metal load-
ings (Table 1). Pd supported on a heteropolyacid [31] and on 
a perfluorinated polymer [35] was very selective in menthol 
formation (Table 1, entry 2, 3). The latter catalyst gave also 
very high stereoselectivity. XPS measurements revealed that 
Pd was partially also in the ionic form, which might increase 
its Lewis acidity. Unfortunately acidity was not determined 
in this work. Noteworthy is also that Pd/PFSA catalyst with a 
small Pd particle size gave nearly no other products as men-
thols. This might be due to a low metal loading [35]. This 
catalyst has also strong acidity (see Sect. 2.2). In general the 
metal particle size has, however, a large effect on menthol 
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Fig. 1  The maximum yield of menthol as a function of metal parti-
cle size in citronellal transformation to menthol in a batch reactor. 
Notation: entries 1–4: conditions: 1,4-dioxane, 2.9  MPa  H2, 80  °C, 
 c0 = 2.6  mol/l,  mcal/mcat = 40 wt/wt, 12  h, 1: 1 wt% Pt/H-Beta, 2: 2 
wt% Pt/H-Beta, 3 wt% Pt/H-Beta, 4 wt% Pt/H-Beta [24], entries 
5–13: conditions: hexane, 2.5 MPa  H2, 100 °C,  c0 = 0.22 mol/l,  mcal/
mcat = 10 wt/wt, yields at 40  min, entry 5: 4 wt% Ru/H-Beta-25, 6: 
4 wt% Ru/H-Beta-35, 7: 4 wt% Ru/H-Beta-150, 8: 2 wt% Ru/H-
Beta-25, 9: 2 wt% Ru/H-Beta-35, 10: 2 wt% Ru/H-Beta-150, 11:1 
wt% Ru/H-Beta-25, 12: 1 wt% Ru/H-Beta-35, 13: 1 wt% Ru/H-
Beta-150 [28]

Scheme 1  A simplified reaction scheme for citral transformation to menthols [15]
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selectivity, namely when comparing the performance and 
properties of 3 wt% Ir/H-Beta (Table 1, entry 4 and 6), it can 
be observed that hydrogenation to 3,7-dimethyloctanol is 
promoted more on small Ir particles. Analogously hydrogen-
ation of citronellal occurred also to some extent with Ru/H-
Beta-25, Zr-Beta/15 wt% Ni-MCM-41 and 2 wt% Pt/H-Beta 
(Table 1, entries, 5, 8, 10) [11, 24, 28]. On the other hand, no 
acyclic hydrogenation products were formed over 4 wt% Au/
MgF2 (Table 1, entry 7). This catalyst was prepared by the 
incipient wetness method from tetrachloroaurate precursor 
being calcined at 100 °C. Au was in the ionic state in this 
catalyst, which was less active for citronellal hydrogenation, 
while when its counterpart was calcined at 150 °C, gold 
was partially in the metallic state giving a very low activity. 
Furthermore, the support contains both Lewis and acidic 
sites, although their content was not quantified. A direct 
comparison of different metals with the same metal load-
ing supported on beta zeolite was performed in citronellal 
transformations under 1.5 MPa at 80 °C in cyclohexane in 
[34]. The results showed the following decreasing order for 
the menthol yield: Ir >> Pt  ≈ Rh > Pd > Ru. Furthermore, in 
[34] the highest yield of 3,7-dimethyloctanol was obtained 
over Pd/H-Beta, while 3 wt% Ru-Beta catalyst promoted 
formation of citronellol. It is, however, also visible from 
Table 1 that the highest yields of menthols obtained with 15 
wt% Ru/ZnBr2/SiO2 and 1 wt% Ru/H-Beta catalysts were 
83% [25] and 90% [29], respectively. For the former catalyst 
neither the metal particle size nor acidity was described. A 
comparative study on the performance of Pt/Ga-MCM-41 
and Cu/Ga-MCM-41 in citronellal transformations showed 
that the former catalyst exhibited better performance than 
the latter one [21]. It was stated that an optimum catalyst, 
Pt/Ga-MCM-41 for one-pot transformation of citronellal to 
menthols exhibits high hydrogenation activity, strong Lewis 
acidity and mild Brønsted acidity [21].

The effect of the metal particle size in one-pot synthesis 
of menthol from citronellal has been scarcely investigated 
in a systematic way reporting just few data points [24, 28]. 
The menthol yields from these studies [24, 28] with different 
Pt and Ru supported catalysts are shown as a function of the 
metal particle size (Fig. 1). These results clearly illustrate 
that there is an optimum Pt particle size giving the highest 
menthol yield [24]. This trend was not very clear for Ru 
catalysts and the highest menthol yields were obtained for 
2 wt% Ru/H-Beta with 2 nm particles [28], while particles 
in 2 wt% Pt–H-Beta of the average size of ca. 7 nm were the 
best ones in [24] (Fig. 1).

In citral transformation to menthols both noble [8, 9, 12, 
17, 33] and transition metal [9–11] have been reported. Cit-
ral transformations to menthol were also investigated over 
different metal (Pd, Ru, Rh, Ir, Pt) modified on Beta zeolite 
catalysts, without reporting the metal particle sizes [8]. The 
menthol yields obtained at 100 °C under 1.0 MPa hydrogen 

in 24 h using toluene as a solvent decreased in the following 
order: Pd > Ir >> Ru with the highest menthol yield obtained 
with Pd/H-Beta was 78.6% (Table 1, entry 18) [8] while 
no menthols were formed over Rh/H-Beta and Pt/H-Beta. 
Pt/H-Beta was active in hydrogenation promoting formation 
of citronellol because Pt exhibits a wider d-band width in 
comparison to Pd and thus it has stronger interactions with 
the C=O bond and weaker interactions with the C=C bond 
[8]. A relatively high menthol yield formed from citral in 
[8] is different than the one reported in [9], when the highest 
amount of hydrogenolysis products was formed over 5 wt% 
Ir-H-MCM-41 reason for high menthol yields in [8] over 3 
wt% Ir-MCM-41 might be lower Ir loading in comparison 
to [9]. In addition, high amounts of dehydration products 
were formed over Pt and Rh supported on Beta zeolite [8]. 
In [17] Pd was supported together with  ZnCl2 and N-butyl-
4-methylpyridinium tetrafluoroborate ionic liquid on active 
carbon cloth and tested in one-pot citral transformation to 
menthol (Table 1, entry 21). The results showed that both 
40% menthol and ca. 35% 3,7-dimethyloctanal were formed 
as the main products indicating that this catalyst exhibited 
too high hydrogenation activity. Moreover, Pd agglomera-
tion occurred to a certain extent.

Supported nickel catalysts have been also very selective 
to menthols [10, 12, 27]. For example 5 wt% Ni/Zr-Beta 
gave a high menthol yield and also high stereoselectiv-
ity (Table 1, entry 14). High stereoselectivity can be due 
to the shape selectivity effect in Zr-modified beta zeolite 
(see Sect. 2.3). It was also demonstrated in [27] that with 
a higher Ni loading more acyclic hydrogenation products 
were formed. Another efficient catalyst was 8 wt% Ni–Al-
H-MCM-41 with a mild acidity (Table 1, entry 17) [10]. 
This catalyst exhibiting a very low metal dispersion (3.8%) 
which indicates the presence of large Ni particles, was able 
to produce menthol also due to its low acidity. The initial 
citral transformation rate was also increased when increas-
ing the metal loading, i.e. when the metal loading was 
increased from 3 to 8 wt%, the initial citral transformation 
rate increased by a factor of 1.6 [10]. When comparing the 
performance of 8 wt% Ni–Al-MCM-41 [10] with 5 wt% 
Ni–H-MCM-41 [9], it can also be observed that the latter 
one generated more defunctionalized dehydration products 
(menthanes, menthenes) (Table 1, entry 17, 21). A direct 
comparison of acidity of these catalysts is not straightfor-
ward, because in the former catalyst the amount of acid sites 
was reported only on the basis of the peak areas, not being 
quantified as μmol/gcat. As a comparison Pd-H-MCM-41 
was also used in [9]. This catalyst was not very selective 
towards menthol formation giving the selectivity of 44% to 
menthols, while NI–H-MCM-41 resulted in 54% selectivity. 
Furthermore, a direct comparison of different metals sup-
ported on H-MCM-41 was made in the case of citral trans-
formations [9]. It was confirmed that Pd catalyst exhibited 
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initially nine fold higher hydrogenation rate than the corre-
sponding Ni catalyst, while over Ir-H-MCM-41 even 22 fold 
higher initial hydrogenolysis rate was obtained compared to 
Ni–H-MCM-41 [9]. These results are in accordance with 
high hydrogenolysis activity of Ir catalyst leading to forma-
tion of hydrocarbons from isomenthone and menthone [44]. 
High menthol selectivity was also obtained over 15 wt% 
Ni-MCM-41/Zr-Beta (Table 1, entry 10) [11]. The results 
from two catalyst screening studies with both of them hav-
ing four different catalysts showed that the highest menthol 
yields were obtained from citral transformations at 70 °C 
under 0.5 MPa hydrogen over 3 wt% Ni/Al-H-MCM-41 and 
3 wt% Ni/Beta exhibiting quite large metal particle sizes, 
i.e. the Ni particle size of 17 nm and 22 nm, respectively. 
The catalysts with smaller metal particle sizes, i.e. 1 wt% 
Pd/H-Beta (1.8 nm) and 3 wt% Ni/SiO2-Al2O3 (8 nm) gave 
22% and 68% yields of menthol, respectively [18]. Over 
Pd/H-Beta high amounts of acyclic hydrogenation product, 
3,7-dimethyloctanal were also formed [18]. Furthermore, 
acidity of 3 wt% Ni/SiO2-Al2O3 was 8.5 fold that of 3 wt% 
Ni/Al-MCM-41. On the other hand, an optimum metal par-
ticle size, 5.8 nm for 5 wt% Ni–H-MCM-41, was found for 
citral transformation (Table 1, entry 21, Fig. 2). It should, 
however, be noted that in [9] Ru and Ir with the metal par-
ticle size of 2 nm and 11 nm, respectively, gave very low 
menthol yields (Fig. 2). Ir is known to enhance hydrogen-
olysis, which was also very high in their work (82% yield). 
Higher Ir loading in Ir/Beta favoured also hydrogenation, i.e. 

formation of 3,7-dimethyloctanol in citronellal transforma-
tions [33, 36], analogously to reported in [12] for increased 
Pd loading in Pd-HPA-MM (phosphotungstic acid contain-
ing acid treated montmorillonite). This result indicates that 
the electronic properties of the metal have also a major effect 
on menthol formation from citral.

The effect of metal loading for Ni catalysts supported 
on heteropolyacid (HPA)-montmorillonite was investigated 
in citral transformation in [12], without reporting Ni par-
ticle sizes. In [12] a higher Ni loading in 8 wt% Ni-HPA-
MM (montmorillonite) was better for producing menthol 
in comparison to 5 wt% Ni-HPA-MM. It was also reported 
that only small amounts of acyclic hydrogenation products 
were formed over 8 wt% Ni-HPA-MM. A high menthol yield 
over 8 wt% Ni-HPA-MM was, however, related to its low 
Brønsted to Lewis acid site (BAS/LAS) ratio [12]. In [11], 
citronellal transformations were performed over Zr-Beta/3 
wt% Ni-MCM-41 catalyst, however, using inert atmosphere 
during the first hour and then switching to hydrogen. This 
approach gave a high menthol yield of 92% (Table 1, entry 
10). Noteworthy is also very high stereoselectivity to the 
desired (−)-menthol.

2.2  Catalyst Acidity

Catalyst acidity is crucial in one-pot menthol synthesis start-
ing from citronellal as shown for example in [23], where 
only 10% yield of menthols was obtained over 3 wt% Ni/
SiO2, which did not exhibit enough acidity. On the other 
hand, a very promising catalyst for menthol synthesis form 
citronellal was Pd supported on a perfluorinated polymer 
(Table 1, entry 3) [35]. The latter exhibited an acidic strength 
comparable to that of sulphuric acid with the Hammett acid-
ity of ca. − 12. The role of ionic metal species promoting 
isopulegol and menthol formation was also emphasized in 
increasing Lewis acidity of the catalyst in [36], where the 
presence of ionic iridium species was confirmed by XPS 
and temperature programmed reduction, i.e. 25% of iridium 
was in the ionic form. Analogous results were also obtained 
in [34] with 3 wt% Ir/H-Beta zeolite catalyst. The effect of 
catalyst acidity has also been systematically investigated 
with several catalysts in citronellal transformation to men-
thols [21] while in other publications acidity has not been 
determined or reported [11, 22, 24, 25, 27, 30, 31, 33, 35]. 
The menthol yield decreased also with increasing total acid-
ity in citronellal transformations to menthols for different Pd 
and Pt supported catalysts (Fig. 3) [21], while for Cu catalyst 
with a low hydrogenation ability this trend was not observed. 
In [21] the best performing catalyst was Pd/Ga-MCM-41 
with a low amount of total acid sites. In citral transforma-
tions to menthol mild catalyst acidity was preferred as stated 
in [10, 12], while when the catalyst acidity was too high, as 
in case with Ni/H-Y [9], catalyst deactivation and formation 
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Fig. 2  Menthol yield in citral transformation. Notation: 1.1 wt% 
Pd/H-Beta, 5. 3 wt% Ni/SiO2-Al2O3, 7. 3 wt% Ni/H-Beta and 8. 
3 wt% Ni/Al-MCM-41, conditions: toluene, 0.5  MPa  H2, 70  °C, 
 c0 = 0.18  mol/l,  mcit/mcat = 1.7 wt/wt, 6  h [10] and 2. 5 wt% Ru–H-
MCM-41, 3. 5 wt% Ni–H-MCM-41, 4. 5 wt% Pd-H-MCM-41 and 
6. 5 wt% Ir-H-MCM-41, conditions: batch reactor, cyclohexane, 
0.1 MPa  H2, 70 °C,  c0 = 0.01 mol/l,  mcit/mcat = 1.0 wt/wt, 6.5 h [9]
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of hydrogenolysis products was very prominent giving only 
42% conversion and less than 1% menthols. On the other 
hand, mildly acidic Ni–H-MCM-41 under the same condi-
tions menthol selectivity was 54% at complete citral con-
version (Table 1, entry 21). A low Brønsted to Lewis acid 
ratio in 8 wt% Ni-HPA-MM (montmorillonite) was benefi-
cial giving menthol yield higher than with 5 wt% Ni [12]. 
Analogously Ni/Al-MCM-41 with much lower acidity than 
in Ni/Al2O3-SiO2 gave 94% menthol yield (Table 1, entry 
17) in comparison to 68% obtained with the latter catalyst 
[10]. The bifunctional 15 wt% Ni-MCM-41/Zr-Beta exhibit-
ing both Brønsted and Lewis acid sites and relatively large 
particles was also a promising catalyst for one-pot synthesis 
of menthol from citral (Table 1, entry 10) [11]. It is known 
that Zr-beta exhibited predominantly Lewis acid sites in 
addition to a low amount of Brønsted acid sites [11]. Based 
on the above results it can be concluded that mild catalyst 
acidity is required for one-pot transformation of citronellal 
and citral to menthol.

2.3  Support Properties

The main role of the support in a bifunctional catalyst is to 
provide both high surface area for dispersion of a metal as 
well as to be a source of acidity. In addition, a large enough 
pore size facilitates diffusion of the substrate to the active 

sites [33], while an optimized pore size facilitates high 
diastereoselectivity to the desired L-menthol [11, 27]. One 
comparative example of zeolites as supports is related to Ir 
supported on modenite or beta. The latter one gave a high 
menthol yield in citronellal transformations [33]. An easy 
penetration of 2,6-di-tert-pyridine used as a probe molecule 
to study acidity into beta zeolite indicated that this material 
is also suitable for citronellal transformations of menthols 
[33]. As a comparison to Ir/Beta zeolite, Ir supported on 
mordenite gave mainly isopulegol as a product in citronel-
lal transformation in cyclohexane at 80 °C under 0.8 MPa 
hydrogen [33].

High stereoselectivity to the desired menthol isomer is 
one aim, which can diminish the efforts in down-stream pro-
cessing. A promising example is Zr-beta zeolite as a support, 
as Zr exhibiting Lewis acidity can also be an active site in 
Zr-beta, i.e. as a form of partially hydrolyzed framework 
heteroatom in beta [45]. Because the size of  Zr4+ is larger 
than that of  Al3+ the shape selectivity effect is observed. 
In that case, Zr-beta promotes formation of (−)-isopulegol, 
which has methyl, hydroxyl and propenyl in equatorial posi-
tions and enhances diastereoselectivity of L-menthol [11, 
27]. Formation of other pulegols was thus hindered due to 
a small pore size of the support. On the other hand, when a 
mesoporous support is used for a citronellal cyclisation step, 
such as  WO3/TUD-1 [42], it was pointed out that stereose-
lectivity in pulegols is determined by thermodynamics due 
to a large pore size.

3  Effect of Reaction Conditions on Menthol 
Production

The effects of rection conditions, such as a solvent selection, 
temperature and pressure have been intensively studied in 
batch reactors and are discussed below. The results from 
continuous operation regarding reaction conditions are sum-
marized in Sect. 4.

3.1  Solvent Selection

Solvent polarity has a large effect on menthol selectivity in 
both citronellal [24, 28, 33] and citral [8] transformations. In 
citronellal transformations hydrophobic solvents are prefer-
able (Fig. 4), while menthol yields decreased in hydrophilic 
solvents [33]. Noteworthy is also that in acetonitrile the 
solvent is protonated leading to a loss of Brønsted acidity 
preventing formation of menthols [28]. It was also pointed 
out in [28] that 1,4-dioxane and tetrahydrofuran were the 
best solvents giving also high stereoselectivity. The high-
est yield of menthols was obtained over 2 wt% Pt/H-Beta 
in 1,4-dioxane [24]. On the other hand, very hydrophobic 
solvents, e.g. hexane gave various hydrogenation product, 
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Fig. 3  Menthol yield as a function of catalyst acidity in citronellal 
transformation to menthols over the following catalysts: 1–4 (●) Pd, 
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Cu/Ga-SBA-15, 11. Cu/Al-MCM-41, and 12. Cu/Al-SBA-15. Th e 
metal content in all catalystswas ca. 2 wt%. Conditions: batch reactor, 
solvent 2-propanol, 120–130 °C, microwave heating,  c0 = 0.005 mol/l, 
 mcal/mcat = 30.8 wt/wt, 15  min reaction time, in the presence of 
1 mmol  K2CO3 [21]
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while defunctionalized products were formed in toluene 
[28]. The high amount of hydrogenation products in hexane 
can be explained by high hydrogen solubility in this solvent 
[28]. Analogous observations were reported in [24, 33], as 
toluene gave high yields of 3,7-dimethyloctanol in compari-
son to 1,4-dioxane. Interestingly water was used as a solvent 
in one-pot transformations of citronellal to menthols over 
Pd supported on perfluorinated polymer [35]. The results 
showed a high menthol yield, while the reaction time was 
very long. Furthermore, it was reported that productivity for 
menthol formation was only 0.047 mol/gmetal/h−1, which was 
very low in comparison to 1 wt% Ru/H-Beta [28] for which 
the corresponding value was 16 fold higher. The authors 
claimed that the menthol synthesis using Pd on a perfluori-
nated polymer is still very environmentally benign and that 
the reaction can be performed under mild conditions.

3.2  Temperature

High temperature has a positive effect on menthol formation 
from citronellal [24, 28, 33], which is apparently related to 
different activation energy along different reaction routes. 
High menthol yields (93%) from citronellal can be obtained 
at high temperatures, i.e. 100 °C, 2 MPa over 2 wt% Pt/H-
Beta with Si/Al ratio of 14 [24], while at 25 °C the yield 
was only 81%. At the same time the yields of hydrogenation 
products slightly increased. An opposite trend was observed 
over Ru/H-Beta-150, i.e. the selectivity to hydrogenation 

products decreased with increasing temperature, although 
selectivity to menthols increased. Furthermore, it was 
observed in [28] that the turnover frequency for hydrogena-
tion of pulegols to menthols (calculated as moles hydrogen-
ated per mole of exposed Ru by CO chemisorption, given in 
 min−1) increased six fold from 60 to 100 °C. These results 
indicate that the relative ratio of hydrogenation vs cycli-
sation and menthol formation is catalyst specific. It can, 
however, be concluded that menthol formation in general is 
enhanced at higher temperatures.

Quantitative analysis of kinetics was performed for 
citronellal transformations to menthols over 2 wt% Ru/H-
Beta-150 assuming dissociative adsorption for hydrogen on 
the same sites with the organic compounds [29]. The acti-
vation energy of 104 kJ/mol was determined for citronellal 
cyclisation [29], was higher than the activation energies for 
its hydrogenation to citronellol and dihydrocitronellal, being 
72.7 kJ/mol and 79 kJ/mol, respectively. These results were 
in line with the experimental data showing that the menthol 
formation requires a relatively high temperature in com-
parison to hydrogenation. Analogous results were obtained 
in [33] in citronellal transformation over 5 wt% Ir/Beta in 
the temperature range of 25–80 °C under 1.5 MPa  H2 in 
cyclohexane. Although selectivity to menthols increased at 
a higher temperature, formation of 3,7-dimethyloctanol was 
also slightly increased. This result indicates that 5 wt% Ir/
Beta catalyst was active for both citronellal cyclisation and 
hydrogenation.

3.3  Pressure

The effect of hydrogen pressure in one-pot transformation of 
citronellal to menthols has been investigated in some extent 
[24, 28, 33]. A negligible pressure effect on menthol yields 
was obtained in citronellal transformation over Pt/H-Beta 
at 80 °C in the pressure range of 0.2–2 MPa in 1,4-diox-
ane [24], while selectivity to menthols increased from 17 to 
62% in citronellal transformation over 2 wt% Ru/H-Beta-150 
in n-hexane at 100 °C when the pressure was varied in a 
broader range of 1.5–4.5 MPa [28]. It should also be pointed 
out here that hydrogen solubility is higher in hexane in com-
parison to 1,4-dioxane facilitating a higher pressure effect 
in hexane than in 1,4-dioxane [28]. Furthermore, turnover 
frequency for pulegol hydrogenation to menthols increased 
by a factor of ca. 6 when increasing the hydrogen pressure 
from 15 to 49 bar at 100 °C [28]. However, a substantial 
pressure effect in citronellal transformation was obtained 
at 80 °C over Ir/Beta in the pressure range of 0.5–1.5 MPa 
in cyclohexane [33] and over 5 wt% Ir/Beta in cyclohexane 
at 80 °C [36]. In the former case selectivity to menthols 
increased over 3 wt% Ir/Beta from 32 to 88% when conver-
sion increased from 94 to 100% [33].

Fig. 4  Menthol yield in citronellal transformation as a function of 
the dielectric constant of the solvent in a batch reactor. Notation: 
citronellal transformation in different solvents (+) under 0.8  MPa 
 H2, 80  °C,  c0 = 0.79  mol/l,  mcat/mcat = 17.1 wt/wt, 24  h over 3 wt% 
Ir/H-Beta [33], (solid ball) under 2.0 MPa  H2, 80 °C,  c0 = 2.6 mol/l, 
 mcal/mcat = 40 wt/wt, 12 h over 2 wt% Pt/H-Beta [24] and (o) under 
2.5 MPa  H2, 100 °C,  c0 = 0.22 mol/l,  mcal/mcat = 10 wt/wt in 60 min 
over 1 wt% Ru/H-Beta-25 [29]
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The effect of hydrogen pressure in one-pot citral transfor-
mation in a batch reactor was investigated in [10]. A higher 
pressure was beneficial in citral transformations to menthols 
over Ni/Al-MCM-41 at 70 °C in toluene [10], i.e. at 0.5 MPa 
89% yield to menthols was obtained while the corresponding 
value at 2 MPa was 93%. The initial citral transformation 
rate over 3 wt% Ni/Al-MCM-41 increased by a factor of 2 
when increasing the hydrogen pressure from 0.5 to 2 MPa 
[10]. Analogously, the initial citral conversion was showing 

a square root dependence on hydrogen pressure in the pres-
sure range of 0.5 to 5.5 MPa over 15 wt% Ni/H-MCM-41 
catalyst [27]. This dependence is in accordance with Lang-
muir–Hinshelwood model following dissociative hydrogen 
adsorption on nickel sites. However, a low hydrogen pres-
sure minimized formation of the undesired hydrogenation 
products.

Fig. 5  a Conversion of citronellal and b yield of menthols in cit-
ronellal transformation to menthols over Ru–H-MCM-41—Bindzil 
composite catalysts at 70  °C using initial concentration of citronel-
lal 0.086  mol/l in cyclohexane. Notation: (green circle) (Ru/H-

MCM-41) + Bindzil, (red triangle) (Ru/Bindzil) + H-MCM-41, (light 
blue square) Ru/(H-MCM-41 + Bindzil) post synthesis and (dark blue 
diamond) Ru/(H-MCM-41 + Bindzil) in situ synthesis [32] (Color fig-
ure online)

Fig. 6  Menthol yield (Y) after 2  h as a function of Brønsted acid 
sites (BAS) in citronellal transformation to menthol over Pt–H-Beta-
25-bentonite and Ru-Beta-25 bentonite extrudates in a trickle bed 
reactor at 30 °C under 10 bar [20]

Fig. 7  Concentration of acyclic hydrogenation products as a function 
of cyclization products in citronellal transformation to menthol in a 
trickle bed reactor cyclohexane, 1.0 MPa  H2, 35 °C,  c0 = 0.22 mol/l, 
 mcal/mcat = 10 wt/wt. Notation: (o) 2 wt% [Pt/(H-Beta-25 + bentonite) 
post synthesis, (filled ball) 2 wt% [Pt/(H-Beta-25 + bentonite) in situ], 
(filled rectangular) 2 wt% [Pt/(bentonite) + H-Beta-25], (triangle) 2 
wt% [Pt/(H-Beta-25 + bentonite] [20]. Notation: ACP acyclic hydro-
genation products, CP cyclic products
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4  Menthol Production in a Continuous 
Reactor

Menthol production has been investigated intensively in con-
tinuous reactors in a one-pot mode [13–16, 20, 32, 37] or 
in a sequential manner in a continuous mode [40]. A trickle 
bed reactor with either citronellal or citral as reactants has 
been recently utilized [13–16, 20, 32, 37] using as catalysts 

extrudates composed of a zeolite or a mesoporous mate-
rial as well as a binder, which can be silica or a clay. The 
maximum yields of menthols are reported for different extru-
dates in Table 2. Catalyst deactivation was clearly visible 
in citronellal transformations over Ru–H-MCM-41-Bindzil 
composite catalysts (Fig. 5a) [32]. In that study four differ-
ent catalyst preparation methods were applied, e.g. Ru was 
loaded first on H-MCM-41 or alternatively only on a silica 
binder, Bindzil, thereafter extruded with the other compo-
nent. Another method was to deposit Ru on both H-MCM-41 
and Bindzil followed by extrusion. Finally first Bindzil-H-
MCM-41 extrudates were prepared and thereafter loaded 
with Ru giving an egg-shell type extrudates. The maximum 
yield of menthols from citronellal was 47% obtained over 
a catalyst when Ru was deposited on H-MCM-41 followed 
by extrusion with Bindzil (Fig. 5b, Table 2, entry 1). This 
catalyst exhibited the lowest BAS/LAS ratio among four 
catalysts and it gave also low amounts of defunctionalized 
products. However, the liquid phase mass balance closure 
was low for Ru-extrudates. This is due to formation of oligo-
meric products, which are not visible in gas chromatographic 
analysis, and strong adsorption of reactants and products 
on the catalyst surface. The results of [32] clearly illustrate 
that the location of Ru has a significant effect on catalytic 
performance.

Analogously to [32] several different methods were used 
for synthesizing Pt- and Ru- extrudates with H-Beta-25 
and bentonite as a binder [20]. The menthol yields from 
citronellal decreased with increasing Brønsted acidity of 
Pt/H-Beta-25-bentonite extrudates in a trickle bed reactor 
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Fig. 8  Menthol yield and selectivity as a function of time-on-stream 
in a two-step menthol process over catalyst made from iron loaded 
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0.5  MPa  H2. Notation: (■) menthols yield, (o) selectivity and (Δ) 
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under presence of mass transfer limitations (Fig. 6) [20]. 
At the same time the yields of acyclic hydrogenation prod-
ucts increased in comparison to cyclic products (Fig. 7). 
The amount of acyclic hydrogenation products was high 
due to the presence of small Pt particles, which exhibit high 
hydrogenation activity (Table 2, entry 3) [20]. The highest 
amount of Brønsted acid sites was present in 2 wt% [Pt/
(H-beta-25 + bentonite) when the metal was deposited on 
extrudates giving also the highest concentration of acyclic 
products, while the lowest Brønsted acid concentration was 
found in 2 wt% [Pt/(H-Beta-25) + bentonite]. In [20] an 
optimum Pt particle size of 7 nm was obtained in 2 wt% 
Pt/(H-Beta-25 + bentonite). The metal location is crucial 
for maximizing the menthol yield and the best result was 
obtained over Pt supported first on H-Beta-25 followed by its 
extrusion with bentonite. On the other hand, if the metal was 
loaded via the post-synthesis method on the extrudates, i.e. 
the metal was at the outer surface, a high turnover frequency 
(0.053  s−1) for citral transformation was obtained. This cata-
lyst was, however, more selective to acyclic hydrogenation 
products than for menthols. Interestingly for Ru/H-Beta-ben-
tonite extrudates the menthol yield was nearly constant for 
different sizes of Ru. It should also be pointed out here that 
due to mild reaction conditions only minor catalyst deactiva-
tion occurred with increasing time on stream.

Menthol has also been synthesised from citronellal in a 
fixed bed reactor, with two consecutive columns containing 
iron modified scrap automotive converter catalysts. In the 
first step pulegols were formed being further hydrogenated 

to menthols downstream [40]. This method gave a high men-
thol yield of 91% (Table 2, entry 4, Fig. 8). The catalyst 
was washed between two cycles with toluene and it can be 
observed that the yields and selectivity to (±)-menthol were 
recovered.

In one-pot citral transformations to menthols in a trickle 
bed reactor several Ru- and Ni- extrudates were applied 
[13–16, 37]. The menthol yield was maximally 75% 
obtained over 5 wt% Ni/mesoporous silica (Table 2, entry 
5, Figs. 9, 10). The second highest yield of menthols of 49% 
was achieved over 5 wt% Ni/H-Beta-38—sepiolite compos-
ite catalysts (Fig. 11, Table 2, entry 6) followed by Ni sup-
ported on H-Beta and extruded with attapulgite clay (Table 2, 

Fig. 10  Selectivity to different products as a function of conver-
sion in citral transformation over Ni/MAS (mesoporous silica) at 
70 °C under 1 MPa  H2 [13]. Note that conversion is decreasing with 
increasing time-on-stream. S selectivity, ACP acyclic hydrogenation 
products, IP isopulegols, ME menthols, DFP defunctionalized prod-
ucts, DM dimeric products

Fig. 11  Effect of pressure on a) conversion/liquid phase mass balance 
and b)   the product yields in citral transformation to menthols over 
Ni/(H-Beta-38 + Sep.) composite catalyst [14]. Notation: X is con-
version, MB is liquid phase mass balance closure, the reactant and 
product peaks visible in GC analysis, SS denotes diastereoselectivity 
to (−)-menthol, ACP acyclic hydrogenation products, Me menthols, 
DFP defunctionalized products
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entry 7) [37]. The latter result was promising, because attapulg-
ite clay contains more impurities in comparison to sepiolite clay 
[37]. On the other hand, Ru containing extrudates with a high 
BAS/LAS ratio exhibited low selectivity to menthols (Table 2, 
entries 8–9). It should, however, be pointed out here that a rapid 
catalyst deactivation occurred for Ni supported on mesoporous 
alumino-silicate (MAS) and at the same time selectivity to acy-
clic hydrogenation products and pulegols increased indicating a 
decrease of acidity with increasing time-on-stream by blocking 
of the acid sites (Fig. 10). The main side reaction is dehydration 
of menthols to menthatrienes, which are further hydrogenated 
to menthanes. Their formation is promoted on especially strong 
acid sites present in Ni–H-Beta-38-sepiolite composite catalyst 
(Fig. 11b) [14], while the Ni/mesoporous aluminosilicate-sepi-
olite composite giving a higher menthol yield did not contain 
any strong Brønsted acid sites [13]. Over the former extrudates 
with a higher acidity, the main products were initially defunc-
tionalized menthatrienes, however, their yield decreased with 
increasing time on stream due to deactivation of the most acidic 
sites (Fig. 11b).

Quantitative analysis of reaction kinetics was performed in 
[14], in which citral was transformed to menthol in a trickle bed 
reactor. The novelty in this modelling was to take into account 
effectiveness factor, which changes for non first-order reactions 
when concentration dependent Thiele modulus changes. Thus 
in [14] in addition to applying a noncompetitive adsorption of 
organic compound and hydrogen, also the rate constants were 
lumped with the effectiveness factor for each reaction step and 
temperature dependency was also taken into account. Further-
more, deactivation of both metal and acid sites was incorpo-
rated in the model. The results demonstrated that it was pos-
sible to describe the data including step changes, i.e. changes 
of temperature and pressure (Figure 12).

From an industrial point of view, it is also interesting to 
compare performance of powder and extrudate catalysts. The 
results in [16] from a comparative study for citral transfor-
mation over powder and extrudate Ru–H-MCM-41-Bindzil 
catalysts confirmed the presence of diffusional limitations 
when calculating the effectiveness factor, which was in the 
range of 0.18–0.29 over different Ru–H-MCM-41-Bindzil 
composite catalysts [16]. Furthermore, it is important to note 
that the product distribution, for example yields of different 
menthols were not same in batch and continuous reactors 
with the same type of catalyst. The highest menthol yield 
was obtained in a batch reactor over Ru/(Bindzil) + H-MCM-
41, while the same extrudate catalyst in a trickle bed reactor 
gave the lowest menthol yields among the studied catalysts 
(Fig. 13a, b). It can be thus concluded that mass transfer 
limitations can have a large impact on product distribution, 
which should be obviously considered during catalyst devel-
opment and further scale-up (Fig. 13).

5  Conclusions and Future Outlook

One-pot synthesis of menthol from natural sources, such as 
citral and its hydrogenated product citronellal can be a prom-
inent route for future practical implementations, because 
very high selectivities have been obtained both over noble 
and transition metal supported catalysts, such as Pd sup-
ported on heteropolyacid, Ir-H-Beta and a mixture of Zr–H-
Beta and Ni–H-MCM-41. When rationalizing the published 
catalytic results for one-pot synthesis of menthol the most 
important parameters are the metal particle size and acidity. 
Analysis of the comparative data from one-pot synthesis of 
menthol over Pt–H-Beta-14 showed that for Pt the optimum 
particle size was ca. 7 nm giving the highest menthol yield 
of ca. 90%, while for Ru supported on H-Beta zeolite with 
different Si/Al ratios no optimum particle size was observed 
giving menthol yield between 60 and 75%. Furthermore, Ni 
supported catalysts with Ni size of 8–25 nm afforded ca. 
68–72% menthol selectivity starting from citral. In addi-
tion, not only metal selection, but also catalyst acidity is also 
crucial obtaining high menthol yields. Typically, rather mild 
acidity and a suitable Lewis to Brønsted acid ratio promotes 
one-pot synthesis of menthol. Lewis acid sites are required 
for cyclisation of citronellal, which is a rate determining 
step. However, some Brønsted acidity is also beneficial for 
menthol synthesis, presence of especially strong Brønsted 
acid sites promotes dehydration of menthol as well as cata-
lyst deactivation. Based on the analysis of available data, it is 
recommended to generate systematic experimental data only 
changing one parameter at a time and determining the metal 
particle size and acidity of the catalyst in order to facilitate a 
rational catalyst design in the future for this type of complex 
reaction systems with a bifunctional catalyst.

Reaction conditions affect very much the menthol syn-
thesis. An increased temperature has typically a positive 
effect on formation of menthol, which was also confirmed by 
kinetic modelling and determination of an activation energy 
for cyclisation of citronellal in comparison to hydrogenation 
for formation of citronellol and dihydrocitronellal. On the 
other hand, analysis of the data on the hydrogen pressure 
dependence shows either a minimal effect or an increase 
of menthol selectivity depending on the type of catalyst. In 
addition, hydrophobic solvents promote menthol formation.

Recently continuous one-pot menthol synthesis has been 
intensively studied with several metal supported extrudates 
in which clays have been used as binders. In addition, the 
metal location has been systematically varied by selecting 
different catalyst synthesis method. The results have shown 
that both acidity and metal particle size can be tuned by 
varying the catalyst synthesis method. The best results have 
been obtained with the extrudates, in which the metal is 
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loaded on both the support and the binder and only on the 
support. On the other hand, if the metal is primarily loaded 
on a binder, it is not very selective for menthol formation. 
Noteworthy from the industrial point of view is that the 
product distribution obtained under diffusional limitations 
is different than the one obtained with the same catalyst in 
a batch reactor. Modelling of the continuous reactor data 
obtained from citral transformation to menthols in a trickle 
bed was performed taking into account the temperature 
dependence, changes in catalyst effectiveness factor due to 
changes in concentration as well as catalyst deactivation at 
two different sites, the acid and the metal. It was possible to 
successfully fit the experimental results obtained when the 
step changes in experimental conditions were introduced.
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