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supported Ru- and Pt-catalysts in continuous
flow†

Muhammad Azkaar,a Päivi Mäki-Arvela,a Zuzana Vajglová,a Vyacheslav Fedorov,ab

Narendra Kumar,a Leena Hupa,a Jarl Hemming,a Markus Peurla,a

Atte Ahoa and Dmitry Yu Murzin *a

One-pot menthol synthesis from citronellal in a trickle bed reactor was investigated using Ru/H-beta-300

zeolite extrudates without any binder and Pt- and Ru-extrudates containing 70 wt% H-beta-25 zeolites

and 30 wt% bentonite binder using different methods of metal loading on the extrudates. The catalytic re-

sults were correlated with the physico-chemical properties of bifunctional zeolite-based extrudates. The

conversion of citronellal to menthol was nearly the same for Pt extrudates being independent of catalyst

acidity or the metal particle size. Ru extrudates also exhibited similar conversion levels as a function of

time-on-stream, except for very mildly acidic Ru/beta-300 extrudates, which gave much lower conversion.

Pt extrudates showed better stability with time on stream in comparison with Ru extrudates. The best cata-

lyst giving the highest menthol yield and a low amount of acyclic hydrogenation products was Ru-beta-

bentonite extrudates where Ru was located randomly in the mixture of 70% H-beta-25 and 30% bentonite

binder. Hydrogenation was more prominent for Pt than for Ru catalysts, most probably due to their higher

hydrogenation ability. Stereoselectivity to menthol varied in the trickle bed reactor in the range of 67 to

73%. In a batch reactor for Ru- and Pt-catalysts independent of support acidity, it was in the range of 70–

71%. The reuse of Ru/H-beta-300 extrudates was successfully demonstrated.

1 Introduction

Menthol, a monoterpene alcohol, is an essential compound
for the pharmaceutical and flavouring industries because of
its cooling effects and minty fragrance. It has been extracted
in the form of essential oil for medicinal purposes in China
for centuries.1 Menthol is widely used as an important
flavouring agent in many daily life products such as tooth-
paste, soaps, shampoos, chewing gum, and cosmetics.1

Menthol is produced globally from both natural and syn-
thetic routes. As the world demand for menthol increases,
the same holds for its production which leads to anticipation
of a shortage of natural resources. The very first industrial
process for the chemical synthesis of menthol in 1970 (ref. 2)
was based on catalytic hydrogenation of thymol using Ru/
Al2O3 as a catalyst followed by subsequent fractional distilla-
tion to separate (+,−)-menthols from other isomers. The over-

all yield of this process exceeds 90% after many recycling
steps. Another method to produce menthol is via the trans-
formation of myrcene into diethylgeranylamine (DGA) by
adding diethylamine in the presence of a lithium catalyst.
Thereafter, DGA is isomerized to chiral citronellal, which in
turn is cyclized to isopulegol in the presence of zinc bromide.
Isopulegol is further hydrogenated in the presence of a nickel
catalyst to menthol.2

Currently, several research groups globally are active in
one-pot synthesis of menthol from citronellal by using hetero-
geneous catalysts.3–17 Two reaction steps are involved in this
process: cyclization of citronellal to isopulegol and hydrogena-
tion of the latter to menthol.3 Bifunctional catalysts, having an
acidic support for cyclization and the metal function for hy-
drogenation, are used to catalyse these reactions. Suitable cata-
lysts are active and selective towards menthol formation,
avoiding at the same time side reactions such as citronellal hy-
drogenation, dimerization, and defunctionalization.4

One-pot synthesis of menthol from citronellal was investi-
gated in detail by Plösser et al.,4 Cortes et al.3 and Mertens
et al.5 On the other hand, Mäki-Arvela et al.6 studied menthol
synthesis over heterogeneous catalysts using citral as a
starting material. The selectivity towards menthols over 2.0
wt% Pt on beta zeolites was more than 95% as reported by
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Mertens et al.5 According to their research, Pt is more
chemoselective towards the desired hydrogenation as com-
pared to Pd and other metals. Plösser et al.4 reported 1.0
wt% Ru on beta zeolites as the best catalyst for the transfor-
mation of citronellal to menthol resulting in a menthol selec-
tivity of more than 93%. The catalyst was highly
diastereoselective towards racemic menthol as compared to
other catalysts having Pt or Pd as the metal. In the kinetic
study of the one-pot transformation of citronellal to menthols
over 1% Ru/H-BEA-25, it was shown that at lower tempera-
tures the consecutive hydrogenation of citronellal prevails,
whereas at high temperatures defunctionalization of men-
thols is favored leading to a maximum menthol yield at 100
°C.7 Overall, the authors reported both Ru and Pt as suitable
metals for one-pot synthesis of menthol from citronellal.

In this work one-pot menthol synthesis from citronellal is
demonstrated for the first time in a continuous trickle bed
reactor over Pt and Ru extrudates containing beta-zeolites,
which were synthesized using bentonite, an aluminium
phyllosilicate natural clay as a binder. The main aim of this
work was to systematically study the effect of the extrudate
preparation method with controlled deposition of metal on
its properties. A similar study was already conducted for
n-hexane hydroisomerization over a Pt-catalyst.18 In other
publications of the authors, citronellal cyclization was carried
out in a continuous mode over extrudates based on proton
forms of beta and Y zeolites with different types of
binders.19,20 In this work, the previous studies were extended
to also include hydrogenation of isopulegol. For this purpose,
three different methods were used for the preparation of Pt
and Ru extrudates, namely an in situ method, in which the
metal precursor was loaded via the evaporation–impregna-
tion method on a composite of beta zeolite and binder, while
in the two other methods the metal precursor was introduced
either on beta zeolite or on bentonite, and thereafter mixed
with bentonite or beta zeolite, respectively. Extrusion and cal-
cination were the subsequent steps in the catalyst prepara-
tion. In addition, for Pt extrudates an egg-shell type catalyst
was also prepared via the post synthesis method, where the
metal was introduced onto the shaped bodies. The catalysts
were characterized by various physico-chemical methods and
used in one-pot synthesis of menthol in a trickle bed reactor
apparently under the influence of mass transfer limitations.
As a comparison, kinetic experiments with supported Pt- and
Ru-catalysts were also performed in a batch reactor under
mass transfer free conditions. This work can be considered
as a step towards industrial production of fine chemicals in a
continuous mode using extrudates as catalysts.

2 Experimental
2.1 Chemicals

The following chemicals were used as received: cyclohexane
(Alfa Aesar, ≥99.9 wt%), racemic (±)-citronellal (Sigma-
Aldrich, ≥95.0 wt%), menthol (Aldrich, ≥99.0 wt%), geraniol
(Lancaster, tech. quality), nerol (Sigma-Aldrich, ≥97.0 wt%),

iso-menthol (Molekula), neomenthol (Fluka, ≥97.0 wt%), cit-
ronellol (Fluka, ≥99.0 wt%), isopulegol (Fluka, ≥99.0 wt%),
tetrahydrofuran (Sigma-Aldrich, ≥99.9 wt%) and heptane
(Sigma-Aldrich, ≥99.9 wt%).

2.2 Catalyst preparation

The two types of zeolites, NH4-beta-25 (CP814E) and H-beta-
300 (CP811C), used in this study were acquired from Zeolites
International. The number at the end of each zeolite repre-
sents the SiO2/Al2O3 molar ratio reflecting acidity. More spe-
cifically, a higher ratio corresponds to lower acidity. NH4-
Beta-25, supplied in an ammonium form, was transformed
into the proton from i.e. H-beta-25 in a muffle oven using the
step calcination procedure shown in Table S1.†

The synthesis of shaped Pt- and Ru-extrudates containing
30 wt% aluminosilicate clay bentonite from VWR Interna-
tional as a binder was the same as the previously published
procedure.18 Based on the previous studies,18–20 the zeolite/
binder weight ratio of 70/30 has been found suitable for easy
shaping of the catalyst by extrusion to achieve strong and sta-
ble extrudates. All materials were crushed and sieved into a
fraction <63 μm in a vibratory micro mill (Fritsch). Pt- and
Ru-modified catalysts were prepared by a conventional evapo-
ration–impregnation method. TetraammoniumplatinumĲII) ni-
trate (PtĲNH3)4ĲNO3)2, ≥50.0% Pt basis, Sigma-Aldrich) and
rutheniumĲIII) chloride trihydrate (RuCl3·3H2O, technical,
Sigma-Aldrich) were used as the platinum and ruthenium
precursors, respectively.

The procedure of shaped catalyst preparation included
three steps, namely catalyst synthesis, impregnation of the
metal and catalyst shaping (Fig. 1). All the catalysts
containing the binder were prepared with a 70 : 30 ratio of H-
beta-25 : bentonite and with a nominal metal loading of 2
wt% in the final extrudates. Different variations of the syn-
thesis steps were used to prepare four different types of Pt-
extrudates denoted as 2 wt% [Pt/(H-beta-25 + bentonite) post-
synthesis], 2 wt% [Pt/(H-beta-25 + bentonite) in situ], 2 wt%
[Pt/(bentonite) + H-beta-25] and 2 wt% [Pt/(H-beta-25) + ben-
tonite], and three types of Ru-extrudates denoted as 2 wt%
[Ru/(H-beta-25 + bentonite) in situ], 2 wt% [Ru/(bentonite) +
H-beta-25] and 2 wt% [Ru/(H-beta-25) + bentonite].

2 wt% Ru/H-beta-300 extrudates were prepared without a
binder from the slurry containing a different weight ratio
(54.9/44.1/1.0) for the catalyst powder/distilled water/methyl-
cellulose compared to H-beta-25 extrudates (44.5/54.5/1.0).
The size of all the shaped catalysts was 1.4 mm × ca. 10 mm.

2.3 Catalytic experiments

One-pot menthol synthesis (Fig. 2) in a trickle bed reactor
was performed with two sets of Pt and Ru shaped catalysts.
For each reaction, the catalyst in the extruded form was dried
in the oven at 70 °C overnight. Thereafter, 1 g of catalyst (10
× 1.4 mm) was mixed with 15 g of glass beads (0.2–0.8 mm)
and loaded inside the jacketed tubular reactor (ID 12.5 mm).
A catalyst amount of 1 g was chosen to achieve a citronellal
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conversion of less than 100% and 15 g of glass beads was
chosen to fill the whole reactor volume for better raw mate-
rial distribution throughout the reactor. Ru- and Pt-catalysts
were reduced in situ under a hydrogen flow of 50 ml min−1

using the temperature ramp of 10 °C min−1 to 350 °C for 2 h.
Thereafter, the reactor was cooled down to the reaction tem-
perature of 35 °C. After reaching the reaction temperature,
the reactor and the connecting lines were flushed with deoxy-
genated cyclohexane for about 20 minutes with a flow rate of
0.5 ml per minute prior to the experiment. The reaction was
started after pressurizing the reactor with hydrogen to 10 bar,
and changing the cyclohexane flow to a mixture of 0.086 mol
l−1 racemic (±)-citronellal in cyclohexane with a flow rate of
0.4 ml min−1. The reaction was carried out for 150 minutes
with sampling after every 30 minutes. Ca. 0.5 mL of the sam-
ple was taken at the outlet of the reactor via a three-way
valve. During sampling, the pressure drop in the reactor was
negligible. After sampling, the pressure was equalized within
1 min. After 150 minutes, the reactant flow through the reac-
tor was stopped and switched to the solvent for flushing. The

reactor was slowly depressurized to ambient pressure,
heating was also stopped, and the reactor was purged with
an inert gas to remove hydrogen. After disassembling the re-
actor system, the catalyst was dried and separated from glass
beads using tweezers, and stored for characterization. During
the reaction, no catalyst displacement was observed.

The catalyst reuse was investigated in the following way:
the catalyst was flushed in the reactor under a flow of cyclo-
hexane and left under 1.5 bar hydrogen pressure overnight.
In the following day, the second experiment was performed
with the same catalyst via flushing the catalyst prior to the re-
action with deoxygenated cyclohexane for 20 min.

The experimental part for the batch reactor experiments is
provided in the ESI.†

2.4 Analysis of liquid phase products

The liquid products were diluted with cyclohexane and
analysed using an Agilent GC 6890N equipped with an FID
and DB-1 column (length 30 m, internal diameter 250 μm

Fig. 1 Procedures for synthesis of different extrudates. *MTL – metal: Pt or Ru.

Fig. 2 Reaction scheme for one-pot synthesis of menthol from citronellal.

Reaction Chemistry & EngineeringPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 2
:1

0:
46

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9re00346k


React. Chem. Eng., 2019, 4, 2156–2169 | 2159This journal is © The Royal Society of Chemistry 2019

and film thickness 0.5 μm). The temperature program started
at 110 °C followed by a temperature gradient to 130 °C at a
ramp of 0.4 °C min−1 and then an increase to 200 °C at a
ramp of 13 °C min−1. The mobile phase was helium. The
temperature of the FID was 340 °C. The products were con-
firmed with an Agilent GC/MS 6890N/5973N using a DB-1 col-
umn (length 30 m, internal diameter 250 μm and film thick-
ness 0.5 μm).

2.5 Definitions

The conversion of the reactant was calculated by using the
following equation:

X %ð Þ ¼ C0 −Ci

C0
× 100 (1)

where X is the conversion of the reactant at time t, %, C0 de-
notes the initial molar concentration of the reactant, mol l−1,
and Ci is the molar concentration of the reactant at time t,
mol l−1.

Selectivity was calculated according to

Sp %ð Þ ¼ CpP
Ca þ Cb þ Cc þ⋯þ Czð Þ ×100 (2)

where Sp is the selectivity to product p at a certain conversion
(%), and Cp is the molar concentration of product p at a par-
ticular conversion (mol l−1). Ca + Cb + Cc + ⋯ + Cz denotes
the sum of the molar concentrations of all the products at
the same conversion (mol l−1).

The liquid phase mass balance, i.e. the sum of the masses
of the reactant and products visible in GC analysis was calcu-
lated using the following equation:

GCLPA %ð Þ ¼
P

miP
m0

×100 (3)

P
mi = sum of mass concentrations of all components at

different sampling times.
P

m0 = sum of mass concentrations of all components at
time = 0.

No internal standards were used. The liquid mass balance
was calculated with respect to the actual initial reactant con-
centration at time 0 for each experiment.

The reaction rates (r) and turnover frequency (TOF) were
calculated as follows:21

rTB ¼ Δn ̇
mcat

mols − 1 g − 1 (4)

rB ¼ Δn
Δt·mcat

mols − 1 g − 1 (5)

TOFTB ¼ n ̇ − n ̇out
nmetal

s− 1 (6)

TOFB ¼ Δn·V l

Δt·nmetal
s − 1 (7)

where TOFTB was obtained in the trickle-bed reactor and
TOFB is obtained over a powder catalyst in a batch reactor,

Δṅ denotes the change in the molar flow rate of the feed in
the inlet and outlet of the trickle bed reactor, Δn/Δt indicates
the number of reacted moles per time interval Δt in a batch
reactor, mcat is the catalyst mass, Vl is the liquid volume and
nmetal is the amount of exposed moles of the catalytically ac-
tive metal.

The effectiveness factor (η) and the percentage of catalyst
utilization (PCU) were calculated as follows:21

η ¼ rTB
rB

(8)

PCU ¼ TOFTB
TOFB

×100 (9)

The residence time in the trickle bed reactor (τ) was calcu-
lated to be 12.5 min according to the following equation:

τ ¼ VCB·εCB
Qv lð Þ

(10)

where the volume of the catalyst bed VCB is equal to 12.5 mL,
εCB is the porosity of the catalyst bed (0.4) and QvĲl) is the
feedstock flow rate (0.4 mL min−1 at room temperature).

The packed density (ρCB) and liquid hold-up (Vl) were calcu-
lated to be 1.3 g mL−1 and 5.9 mL, respectively, according to:

ρCB ¼ mCB

VCB
(11)

Vl = VR·εCB (12)

where the weight of the catalyst bed mCB is equal to 16 g (1 g
of catalyst + 15 g of glass bead) and the volume of the reactor
VR is equal to 14.7 mL.

2.6 Catalyst characterization methods

Nitrogen-physisorption using a Sorptometer 1900 (Carlo Erba
Instruments) was used to determine the textural properties of
the microporous materials. A sample was outgassed at 150 °C
for 3 h before each measurement. The Dubinin equation and
the Horvath–Kawazoe method were used for calculations of
the specific surface area and pore volume, respectively. The
measurement temperature was −196 °C.

Fourier transform infrared spectroscopy (FTIR) was used
to determine the amount of Brønsted and Lewis acid sites on
the catalyst with pyridine as a probe molecule (ATI Mattson
FTIR Infinity Series). A powder catalyst sample of 10–20 mg
was pressed into a pellet shape and loaded in the cell. Before
pyridine adsorption, the catalyst was outgassed at 450 °C and
0.08 mbar pressure for two hours and the background spec-
trum was recorded at 100 °C. If the noise level was within
acceptable limits, pyridine was then adsorbed at 100 °C for
20–30 min. The spectra were re-recorded at 100 °C after
heating the catalyst at 250, 350 and 450 °C. Lewis acidity was
quantified at 1450 cm−1 and Brønsted acidity at 1550 cm−1

from the respective bands. The acid strength was identified
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from the temperature at which pyridine was desorbed. The
concentration of acid sites was calculated using the extinc-
tion coefficient of Emeis.22

Scanning electron microscopy (Zeiss Leo Gemini 1530)
was used to investigate the surface morphology, size, shape
and chemical composition of fresh and spent catalysts. 10–15
mg of the catalyst was used for analysis on a thin film coated
with activated carbon. SEM images were obtained by using
an accelerating voltage of 2.7 kV with a working distance of
2–7 mm. Chemical analysis of the catalyst was done by en-
ergy dispersive X-ray microanalysis.

The metal particle size distribution was determined by
transmission electron microscopy (TEM, Jeol JEM-14000
plus). Both pre-reduced fresh and spent catalysts were charac-
terized using ImageJ software to calculate the average particle
size and metal dispersion from TEM images.

Size exclusion chromatography (SEC) was applied to iden-
tify the presence of dimers and polymers trapped inside the
pores or adsorbed on the catalyst surface. Adsorbed organic
molecules were extracted under reflux from the spent catalyst
(20 mg) using 20 ml heptane as a solvent.23 The mixture was
continuously mixed with a magnetic stirrer at 400 rpm for 4
h in the presence of a condenser at 0 °C. After extraction, the
solvent was evaporated at 40 °C under nitrogen flow. The or-
ganic residue was then dissolved in 10 ml of tetrahydrofuran
(THF), and the solution was filtered using a 0.2 mm mem-
brane PTFE filter. The sample after filtration was transferred
into a GC vial and analysed by SEC-HPLC with two columns,
Jordi Gel DVB 500A (300 × 7.8 mm) and guard column (50 ×
7.8 mm). Air pressure was set at 3.5 bar, and the temperature
was kept at 40 °C.

The spent catalysts were characterized to determine their
carbon, hydrogen, nitrogen, and sulphur contents. 2–3 mg of
the spent catalyst was introduced in a tin container which
was then folded and placed inside an auto-sampler of the
ThermoFisher Scientific Flash 2000-Combustion CHNS/O
analyser. The sample was oxidized in the presence of an ex-
cess of oxygen at 900 °C, and the resulting gaseous products
were passed through a gas chromatographic system for
analysis.

An L&W crush tester with two parallel plates (SE 048,
Lorentzen & Wettre, Sweden) was used to detect the force

needed for an extrudate to collapse. The mechanical strength
of the extrudates was determined in the vertical and horizon-
tal positions. For every sample, the average of ten crush tests
in each position was calculated.

3 Results and discussion
3.1 Catalyst characterization

The specific surface areas and pore volumes of the
extrudate catalysts (Table 1) show that the highest specific
surface area was exhibited by 2 wt% Ru/H-beta-300
extrudates, not containing any binder. The second highest
specific surface area in Ru extrudates was found in 2 wt%
[Ru/H-beta-25 + bentonite], while the lowest one was
exhibited by 2 wt% [(Ru/bentonite) + H-beta-25]. An analo-
gous trend was observed for Pt extrudates indicating that
when the metal precursor is loaded on a highly acidic beta
zeolite, a higher specific surface area was obtained, which
can be attributed to modifications of the zeolite upon expo-
sure to the metal precursor. In addition, the parent benton-
ite exhibits a much lower specific surface area (186 m2

gcat
−1) than the parent H-beta-25 (681 m2 gcat

−1).24 A slightly
lower specific surface area was obtained for 2 wt% [Pt/
(bentonite) + H-beta-25] extrudates than that for the corre-
sponding powder mixture,18 which can be explained by
compaction during extrusion. The specific surface areas of
the catalysts used in the batch reactor are shown in Table
S3.† Due to a low metal loading, the specific surface areas
of the Ru- and Pt-catalysts were the same or marginally
lower than that for the parent material. The acidity of the
catalysts determined by pyridine adsorption desorption
(Table 2) shows that the extrudates prepared by different
methods exhibited very different acidities. The highest
Brønsted acidity was found in 2 wt% [Pt/(H-beta-25 + ben-
tonite) post synthesis] when Pt was introduced on the
shaped body, while the lowest was found in Pt/H-beta-25
which was extruded with bentonite (2 wt% [Pt/(H-beta-25) +
bentonite]), clearly showing that the preparation method
has a pronounced effect on acidity.18 It is also interesting
that the concentration of Brønsted acid sites in 2 wt% [Pt/
(bentonite) + H-beta-25] and 2 wt% [Pt/(H-beta-25) +

Table 1 Specific surface area and pore volume of catalysts

Catalyst (extrudates)
Specific surface
area (m2 gcat

−1)
Micropore volume
(cm3 gcat

−1)
Meso- and macropore
volume (cm3 gcat

−1) Ref.

2.0 wt% [Ru/(H-beta-25 + bentonite) in situ] 479 0.17 0.24 CW
2.0 wt% [Ru/(bentonite) + H-beta-25] 470 0.17 0.25
2.0 wt% [Ru/(H-beta-25) + bentonite] 491 (207) 0.17 (0.07) 0.25 (0.22)
2.0 wt% Ru/H-beta-300 628 0.22 0.06
2.0 wt% [Pt/(H-beta-25 + bentonite) post] 452 0.16 0.19 8
2.0 wt% [Pt/(H-beta-25 + bentonite) in situ] 452 (133) 0.16 (0.05) 0.18 (0.17) 8 (CW)
2.0 wt% [Pt/(bentonite) + H-beta-25] 431 0.15 0.21 8
2.0 wt% [Pt/(H-beta-25) + bentonite] 473 0.17 0.22

CW – current work, (spent catalyst).
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bentonite] composites is lower than the theoretical level cal-
culated from non-agglomerated compounds.18

For Ru extrudates, the highest Brønsted acid site con-
centration was observed for 2 wt% [Ru/(H-beta-25 + benton-
ite) in situ] with Ru loaded prior to extrusion. For catalysts
used in the batch reactor, the highest Brønsted acidity
was determined for 2.5 wt% Pt/H-beta-25, as expected
(Table S4†).

EDX results illustrate that the 2 wt% [Pt/(H-beta-25 + ben-
tonite) post synthesis] composite catalyst is of an egg-shell
type, containing Pt mostly on its surface (Table 3), while the
other catalysts exhibited a metal loading close to the nominal
loading with Pt more equally distributed across extrudates.18

For Ru and Pt catalysts used in the batch reactor for compari-
son with continuous operation, the metal loadings were
slightly different than the nominal loadings and the SiO2/
Al2O3 ratios as expected (Table S5†).

The platinum containing extrudates of beta zeolites with
the binder possess the same structures as their parent mate-
rials as reported by Vajglová et al.18 SEM-EDX results show
the presence of various metals in the extrudates, namely iron
and magnesium. These metals originate from bentonite,
where they are present as oxides. Inhomogeneous mixing in
the extrudates is visible in Fig. 3.

TEM images show that 2 wt% Ru/H-beta-300 exhibited
slightly larger particles than the other Ru extrudates (Fig. 4,
Table 4). The particle sizes of Pt were smaller than those of
Ru. The smallest Pt particles were found in 2 wt% Pt/

(bentonite) + H-beta-25, clearly showing that the preparation
method of metal-extrudates has a major effect on the metal
particle size.18 After the reaction, the metal particle sizes of
the spent catalysts were slightly smaller compared to those of
the fresh ones (Tables 4 and S6†) indicating that no sintering
occurred due to mild reaction conditions. The TEM results
for the catalysts used in the batch reactor shown in Table S6
and Fig. S1† revealed that the highest metal dispersion was
found in acidic 2.5 wt% Pt/H-beta-25.

The results from the extracted coke from the spent cata-
lysts used in the trickle bed reactor showed that a larger
amount of coke eluting at 14.96 min was extracted from the 2
wt% [Pt/(H-beta-25 + bentonite) in situ] catalyst in compari-
son to 2 wt% [Ru/(H-beta-25) + bentonite] (Table 5), which is
not in line with the lower Brønsted acidity of the former
(Table 2). Organic elemental analysis showed that the spent 2
wt% [Pt/(H-beta-25 + bentonite) in situ] catalyst contained
more carbon than 2 wt% [Ru/(H-beta-25) + bentonite]
(Table 6) in accordance with the lower GCLPA for the former
catalyst (see below).

The mechanical strength of the extrudates was higher in a
vertical position with random deposition of metal and lower
when the metal was deposited exclusively on bentonite
(Table 7). The lowest mechanical strength was observed for
extrudates where the metal was deposited exclusively on
H-beta zeolite. All Pt- and Ru-extrudates tested in this work
as extrudates kept their shape and also their length after the
reaction.

Table 2 Brønsted and Lewis acid sites determined by FTIR spectroscopy, aexperimentally found. 250 °C = sum of weak (w) + medium (m) + strong (s)
acid sites, 350 °C = m + s, 450 °C = s

Catalyst (extrudates)

Brønsted acidity, μmol g−1 Lewis acidity, μmol g−1 TAS

Ref.Weak Medium Strong Weak Medium Strong μmol g−1

2 wt% [Pt/(H-beta-25 + bentonite), post synthesis] 54 0 129 0 1 24 208 8
2 wt% [Pt/(H-beta-25 + bentonite), in situ synthesis] 97 1 12 13 2 6 131
2 wt% [Pt/(H-bentonite) + H-beta-25] 74 11 35 5 5 15 145 (265a)
2 wt% [Pt/(H-beta-25) + bentonite] 1 0 54 0 0 13 69 (79a)
2 wt% [Ru/(H-beta-25 + bentonite), in situ synthesis] 132 13 29 65 4 9 252 CW
2 wt% [Ru/(H-bentonite) + H-beta-25] 81 21 18 46 8 8 183
2 wt% [Ru/(H-beta-25) + bentonite] 123 10 26 42 0 6 207
2 wt% Ru/H-beta-300 extrudates 51 2 0 6 0 0 59

a Theoretical value calculated from the contribution of non-agglomerated components,8 CW – current work, TAS – total acid sites.

Table 3 Results from EDX analysis from the bifunctional extrudates as a function of weight percent (wt%)

Catalyst (extrudates) SiO2 Al2O3 Other elements SiO2/Al2O3 SiO2/Pt, SiO2/Ru Ref.

2 wt% [Ru/(H-beta-25 + bentonite)] 87.8 9.0 Ru = 2.28 Fe2O3 = 0.45 MgO = 0.55 9.8 38.5 CW
2 wt% [Ru/(bentonite) + H-beta-25] 86.7 9.2 Ru = 2.59 Fe2O3 = 1.02 MgO = 0.43 9.4 33.5
2 wt [Ru/(H-beta-25) + bentonite] 86.5 9.3 Ru = 3.19 Fe2O3 = 0.71 MgO = 0.32 9.3 27.1
2 wt% [Pt/(H-beta-25 + bentonite) post synthesis] 81.7 8.4 Pt = 8.33 (1.45) Fe2O3 = 1.19 MgO = 0.36 9.7 9.8 (56.3) 8
2 wt% [Pt/(H-beta-25 + bentonite) in situ] 87.9 9.2 Pt = 2.31 MgO = 0.56 9.6 38.1
2 wt% [Pt/(bentonite) + H-beta-25] 86.5 9.7 Pt = 2.61 Fe2O3 = 0.85 MgO = 0.39 8.9 33.1
2 wt% [Pt/(H-beta-25) + bentonite] 87.1 8.4 Pt = 3.41 Fe2O3 = 0.75 MgO = 0.36 10.4 25.5

CW – current work, (calculated Pt concentration in the entire extrudate body).
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3.2 Productivity in the trickle bed reactor

In the preliminary tests, different reaction temperatures and
liquid flow rates were tested in one-pot synthesis of menthol
starting from citronellal. The results revealed that the suit-
able temperature and liquid flow rate were 35 °C and 0.4 ml
min−1, respectively, giving lower than 100% conversion of cit-
ronellal with 1 g of catalyst in 15 g of glass beads with a resi-
dence time of 12.5 min. Such conversion levels were specifi-
cally selected to allow comparison between catalysts and
elucidation of catalyst deactivation. Evidently, at higher tem-
peratures and longer residence time, full conversion can be
easily achieved. Under the selected reaction conditions, the
lowest conversion for Pt extrudates was obtained over 2 wt%
[Pt/(H-beta-25 + bentonite) in situ] (Fig. 5a); however, the dif-
ferences in citronellal conversion were quite minor when tak-
ing into account the differences in catalyst acidity (Table 2)
or metal dispersion (Table 4). For Ru extrudates, the lowest
conversion was obtained with mildly acidic 2 wt% Ru/H-beta-
300 extrudates without a binder (Fig. 5c), while with all other
catalysts the differences in conversion were minor. The con-
version levels for Pt catalysts (79.6–84.5%) were, however,
slightly higher than those for Ru catalysts (77.1–78.5%)
(Table 8). This might be due to the fact that Pt is very active
in hydrogenation already at 35 °C in comparison to Ru (see
below).

Catalytic performance as a function of time-on-stream
(TOS) was stable only for 2 wt% [Pt/(H-beta-25 + bentonite) in
situ], while for the other Pt extrudates it slightly decreased
with increasing TOS (Fig. 5a). Stable conversion for Ru
extrudates was only observed for 2 wt% [Ru/(H-beta-25) + ben-
tonite] (Fig. 5c). These results show that both Pt and Ru
extrudates prepared by the in situ method from the compos-
ite comprising of H-beta-25 and bentonite exhibited the best
catalyst stability. The relative error of measurements was less
than ±3%.

The liquid phase mass balance closure typically increased
with increasing TOS (Fig. 5b and d). Higher GCLPAs were
obtained for 2 wt% Ru/H-beta-300 extrudates without a
binder followed by 2 wt% [Ru/(H-beta-25 + bentonite) in situ]
(Table 7) than those for other Ru- and Pt-catalysts containing
30 wt% bentonite binder. In addition, the lower GCLPA of 2
wt% [Pt/(H-beta-25 + bentonite) in situ] in comparison with

the corresponding value for 2 wt% [Ru/(H-beta-25) + benton-
ite] is in line with organic elemental analysis and coke extrac-
tion results (Tables 5 and 6).

3.3 Comparison with batch operation

As a comparison to continuous operation, one-pot menthol
synthesis was investigated in a batch reactor (Fig. S2–S5,
Table S7†). The initial TOF was calculated from the moles of
reacted citronellal in the first 15 min divided by the moles of
exposed metal. The initial TOF of Ru/H-beta-300 was slightly
lower than the corresponding value for Pt/H-beta catalysts.
This result can be attributed to the lower catalytic activity of
Ru at 35 °C in comparison with Pt. For Pt-catalysts, the same
initial TOFs were determined despite different acidities and
metal dispersions. These results are different from the litera-
ture data4 for menthol synthesis over Ru/H-beta zeolites with
different acidities and Ru-particle sizes. The authors4

reported that the conversion of citronellal was the highest
with 1.4 nm Ru particles supported on H-beta-35.

A comparison of the reaction rates for 2 wt% Ru/H-beta-
300 extrudates in the trickle bed reactor and for 2.5 wt% Ru/
H-beta-300 powder in the batch reactor allows elucidation of
the influence of mass transfer. At 39.3% conversion in the
trickle bed reactor, the rate after 90 min time on stream with
12.5 min residence time was 2.7 × 10−7 mol s−1 gcat

−1, while
the reaction was very rapid for the powder catalyst in the au-
toclave giving already 71.6% conversion and a rate of 1.88 ×
10−5 mol s−1 gcat

−1 after 15 min. A very low catalyst effective-
ness factor of 0.06 for Ru/H-beta-300 extrudates strongly sug-
gests that in the case of continuous operation, requiring a
large size of catalyst particles in the form of extrudates to
avoid a high pressure drop, the catalyst productivity is much
lower than that for batch operation. It should be pointed out
that the effectiveness factor for 2% Ru-extrudates without a
binder was somewhat approximated based on experimental
results for the Ru-catalyst in the powder form with a some-
what higher metal loading of 2.5 wt% at the same conversion
level of 40% with a time interval of 8.4 min (Tables 8 and
S7†). The effectiveness factor of 2 wt% Pt/H-beta-25
extrudates containing the bentonite binder was calculated to
be 0.13–0.14 using the results obtained over the 2.5% Pt/H-
beta-25 powder catalyst without a binder at the same

Fig. 3 a) SEM micrograph of the fresh 2 wt% [Ru/(H-beta-25) + bentonite]. b) SEM micrograph of the fresh 2 wt% [Pt/(H-beta-25 + bentonite)
in situ].
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Fig. 4 TEM images and average metal particle size histograms a and b) of the fresh and c and d) spent 2 wt% [(Ru/H-beta-25) + bentonite], e and
f) fresh 2 wt% Ru/H-beta-300 extrudate, g and h) the fresh and i and j) spent 2 wt% [Pt/(H-beta-25 + bentonite) in situ] at 35 °C under 10 bar total
pressure in hydrogen.
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conversion level of 80% in the batch reactor within a time
interval of 13.3 min (Tables 8 and S7†).

For 2.5 wt% Pt/H-beta-25, complete conversion was
achieved already at 60 min (Fig. S3c†), while 99% conversion
was recorded after 150 min for 1 wt% Pt/H-beta-300 (Table
S7†). On the other hand, in the trickle bed reactor, the con-
version was not affected by acidity. The Ru-catalyst in the
bath reactor exhibited the lowest activity giving only 80.1%
after 150 min (Table S7†).

The liquid phase mass balance closure in the batch reac-
tor varies in the range of 76.6–100% in one-pot menthol syn-
thesis from citronellal. In the trickle bed reactor in the pres-
ence of mass transfer limitations, the GCLPA was lower than
that in the batch reactor, varying in the range of 50.1–80.4%
(Table 8), indicating that some heavy compounds, not visible
in GC analysis, were formed.

3.4 Product distribution

Analysis of the product distribution in the trickle bed reactor
especially the yields of menthols is required to understand
the influence of mass transfer on selectivity. The hydrogena-
tion vs. cyclization activity of the different catalysts was
studied by plotting the sum of the concentrations of acyclic
hydrogenation products (citronellol, nerol, geraniol, 3,7-
dimethyloctanal and 3,7-dimethyloctanol, ACP) vs. cyclization

products (pulegols and menthols, CP) in one-pot synthesis of
menthol over the Pt and Ru extrudates (Fig. 7a and b). It can
be seen that the highest concentrations of cyclization prod-
ucts were found for the 2 wt% [Pt/(H-beta-25) + bentonite]
composite, which exhibits the lowest concentration of
Brønsted acid sites among the three Pt-extrudates (Table 2)
used in the current work. More acyclic hydrogenation products
are formed over more acidic in situ synthesized 2 wt% [Pt/(H-
beta-25 + bentonite) post synthesis] (Fig. 6a, Table 8), where Pt
is located preferentially at the outer layer.18 The lowest
amount of hydrogenation products was formed with the mildly
acidic synthesized 2 wt% [Pt/(H-beta-25 + bentonite) in situ]
catalyst (Fig. 6b, Table 8). Analogous to Pt, a more prominent
formation of hydrogenation products was found for more
acidic 2 wt% [Ru/(H-beta-25 + bentonite), in situ] (Fig. 7b).
There is no clear correlation for the metal dispersion in the
case of Pt while for Ru extrudates the metal dispersion is the
same (Table 4). Among all tested extrudates, the main prod-
ucts were pulegols over 2 wt% Ru/H-beta-300 (Fig. 6e) with a
low amount of Brønsted acid sites and over 2 wt% [Ru/
(bentonite) + H-beta-25] (Fig. 6g), which exhibits a medium
amount of Brønsted acid sites, 121 μmol gcat

−1 (Table 2). These
results indicate that the most important factor determining
menthol production is the mild catalyst acidity in the trickle
bed reactor in the presence of mass transfer limitations for
the tested catalysts. Furthermore, the preparation method with

Table 4 Average metal particle size determined from TEM images

Catalyst (extrudates) Avg. particle size (nm) Dispersiona (%) Ref.

2.0 wt% [Ru/(H-beta-25 + bentonite)] 8 12 CW
2.0 wt% [Ru/(bentonite) + H-beta-25] 9 11 CW
2.0 wt% [Ru/(H-beta-25) + bentonite] 10 (8) 10 (12.5) CW
2 wt% Ru/H-beta-300 12 8 CW
2.0 wt% [Pt/(H-beta-25 + bentonite) post synthesis] 7 13 8
2.0 wt% [Pt/(beta-25 + bentonite) in situ] 5 (2.7) 21 (37) 8 (CW)
2.0 wt% [Pt/(bentonite) + H-beta-25] 2 63 8
2.0 wt% [Pt/(H-beta-25) + bentonite] 3 29

a Dispersion calculated by 100/average particle size, CW – current work, (spent catalyst).

Table 5 The retention times with the molecular weights of the extracted coke from the spent catalysts 2 wt% [Ru/(H-beta-25) + bentonite] and 2 wt%
[Pt/(H-beta-25 + bentonite) in situ] used in one-pot synthesis of menthol in a trickle bed reactor at 35 °C under 10 bar total pressure in hydrogen

2 wt% [Ru/(H-beta-25) + bentonite]

Retention time, min Molecular weight, g mol−1 Area, % Total area

24.18 N/Aa 3.9 68 290
21.88 525 35.5 617 803
20.42 1050 13.6 236 361
14.96 N/Aa 47 818 215

2 wt% [Pt/(H-beta-25 + bentonite) in situ]

Retention time, min Molecular weight, g mol−1 Area, % Total area

24.17 N/Aa 0.1 13 318
21.85 530 3.3 799 068
14.97 N/Aa 96.7 23 753 491

a The coke components eluted at 24.18 and 14.96 min in 2 wt% [(Ru/H-beta-25) + bentonite] and 24.17 and 14.97 min in 2 wt% [Pt/(H-beta-25 +
bentonite) in situ] are very heavy molecules, N/A not available.
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the controlled metal deposition in the extrudates has a large
impact on their properties and the product distribution in
one-pot synthesis of menthol.

The product distribution in the batch reactor in one-pot
menthol synthesis shows that the Ru-supported catalyst gave
he highest yield of menthol, 72.9%, at 80% conversion (Table
S7†). The lowest yield of menthol, 39.8%, was recorded for
mildly acidic 1 wt% Pt/H-beta-300. In comparison, the men-
thol yields in the trickle bed reactor at 80% conversion were
much lower than those in the batch reactor which vary in the
range of 13.8–28.7%. The lowest yield of menthol, 6.6%, was
obtained with the mildly acidic 2 wt% Ru/H-beta-300 which
also gave the lowest conversion, 39.3%, after 90 min time-on-
stream (Table 8).

To study the extent of the undesired hydrogenation reac-
tion, the product distribution in the batch reactor was elab-
orated by plotting the sum of the concentrations of the
undesired acyclic hydrogenation products, ACP vs. the sum
of the concentrations of cyclization products, CP. It can be
seen that nearly no acyclic hydrogenation products were
formed over 2.5 wt% Ru/H-beta-300. On the other hand, 1
wt% Pt/H-beta-300 was also able to produce after prolonged
times both cyclization and acyclic hydrogenation products,
while over 2.5 wt% Pt/H-beta-25 the maximum amount of
cyclization products was already formed during the first
minute. Thereafter, more hydrogenation products were
formed over this catalyst (Fig. S4†). This result indicates
that the acid sites were deactivated because cyclization no
longer occurs. When the current results were compared with
those in ref. 4 in which the reaction was performed at 100
°C, it can be concluded that under these conditions more
hydrogenation products were formed over Ru than over Pt
supported H-beta zeolites. In the current case, Pt/H-beta ze-
olite catalysts were more active for generation of hydrogena-

tion products in comparison to Ru/H-beta zeolites most
probably due to a lower temperature at which Ru is not very
active, forming acyclic hydrogenation products.

A comparison of the citronellal conversion and the men-
thol yield at 80% conversion as a function of acidity was
made both for the trickle bed and the batch reactor (Fig. 8,
Table 8, Fig. S5, Table S7†). The results clearly showed that
the citronellal conversion decreased with increasing weak
acid sites of extrudates in continuous operation. Higher men-
thol yields were obtained for the catalysts in the batch reactor
under the kinetic regime. In both cases, the menthol yields
slightly decreased with increasing concentration of Brønsted
acid sites. The menthol yields in the current work varied in
the range of 6.6* – 72.9% at 80% conversion (*at 40% conver-
sion), which are rather low. It should, however, be kept in
mind that the reaction temperature in the current case is low
and in the literature a similar yield of menthols of ca. 70%
has been reported for 1 wt% Ru/beta-25 at 100 °C under 25
bar hydrogen.4 Meanwhile higher values exceeding 90% were
obtained over 2 wt% Pt/H-beta in 1,4-dioxane as a solvent at
80 °C under 20 bar hydrogen.5 Higher values of menthol
yields (85–96%) were published in the literature8,14 for Ru-
and Pt-catalysts in a batch reactor under higher temperature
(60–80 °C) and higher pressure (20 bar) conditions.

Elucidation of stereoselectivity to menthol at 80% con-
version for both for the trickle bed and batch reactors
showed that in the former case it varied between 66.8 and
72.9% (Table 8) and 70.2–71.3% in the batch reactor (Table
S7†). Slightly lower stereoselectivity was observed for Ru-
beta-bentonite extrudates compared to Pt-beta-bentonite
(Table 8). The stereoselectivity to menthols at 80 °C under
20 bar hydrogen was 76.3% over 2 wt% Pt/H-beta in diox-
ane as a solvent after 12 h at conversion higher than 99%.5

For the Ru/H-beta-300 catalyst without a binder, the stereo-
selectivity to menthol was higher in the batch reactor
(83.1%) in comparison with the results obtained over
extrudates in the trickle bed reactor (74.9%) at 40% conver-
sion. It can be concluded that a similar stereoselectivity to
menthol was obtained under the kinetic regime in the
batch reactor and in the trickle bed reactor under mass
transport limitations at higher conversion. One of the ex-
planations is that the cyclization diastereoselectivity is de-
termined by thermodynamics.6,19,25

When comparing the stereoselectivity to menthol reported
in the literature4 over Ru/H-beta-35, 75% stereoselectivity to
menthol at nearly full conversion was obtained after 180
min.4 It should be pointed out that the results are not di-
rectly comparable, because in the literature4 the reaction was
performed at 100 °C under 25 bar using a citronellal to

Table 7 Crushing strength of extrudates in vertical and horizontal
positions

Extrudates
Vertical
MPa

Horizontal
MPa Ref.

Ru/(H-beta-25 + bentonite) 4.14 ± 0.24 1.00 ± 0.20 CW
Ru/(bentonite) + H-beta-25 3.96 ± 0.14 0.86 ± 0.10
Ru/(H-beta-25) + bentonite 3.15 ± 0.12 1.20 ± 0.33
Ru/H-beta-300
Pt/(H-beta-25 + bentonite) post
synthesis

4.77 ± 0.16 1.24 ± 0.19 8

Pt/(H-beta-25 + bentonite) in situ 4.45 ± 0.21 0.77 ± 0.25
Pt/(bentonite) + H-beta-25 3.64 ± 0.21 0.76 ± 0.08
Pt/(H-beta-25) + bentonite 3.24 ± 0.21 0.68 ± 0.14

MTL – metal: Pt or Ru, CW – current work.

Table 6 CHNS results of the bifunctional platinum and ruthenium extrudates

Sample Nitrogen (% w/w) Carbon (% w/w) Hydrogen (% w/w) Sulfur (% w/w)

2.0 wt% [Ru/(H-beta-25) + bentonite] 0.03 ± 0.03 9.58 ± 0.36 1.92 ± 0.04 0.0 ± 0.0
2.0% [Pt/(H-beta-25 + bentonite) in situ] 0.0 ± 0.0 11.26 ± 0.48 2.12 ± 0.07 0.0 ± 0.0
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catalyst mass ratio of 9 : 1, whereas in the current case the re-
action was performed at 10 bar total pressure in a H2 atmo-

sphere and 35 °C with a citronellal to catalyst mass ratio of
1.2 : 1. In the current work using 2.5 wt% Ru/H-beta-300 with

Fig. 5 For Pt extrudates: a) conversion and b) liquid phase mass balance for (○) 2 wt% [Pt/(H-beta-25 + bentonite) post synthesis], (●) 2 wt% [Pt/
(H-beta-25 + bentonite) in situ], ( ) 2 wt% [Pt/(bentonite) + H-beta-25], and (△) 2 wt% [Pt/(H-beta-25) + bentonite]. For Ru extrudates: c) conver-
sion and d) liquid phase mass balance for (*) 2 wt% Ru/H-beta-300, (●) 2 wt% [Ru/(H-beta-25 + bentonite) in situ], ( ) 2 wt% [Ru/(bentonite) +
H-beta-25], and (△) 2 wt% [Ru/(H-beta-25) + bentonite].

Table 8 Results from one pot synthesis of menthol from citronellal in a continuous reactor at 35 °C under 10 bar total pressure in H2. Conversion of
citronellal (X) and liquid phase mass balance (GCLPA) are given at 150 min time-on-stream. Yields (Y) of different products, stereoselectivity (SS) and re-
action rate (r) are given at 80% conversion. Conditions: the amount of catalyst 1 g, the initial citronellal concentration 0.086 M

Catalyst (extrudates)

X GCLPA YPs YMEs YACS YDM YCS/YACS SSIP SSME r η TOF PCU

% — % mol s−1 g — s−1 %

2 wt% [Pt/(H-beta-25 + bentonite) post] 82.8 50.1 0 14.4 18.2 2.2 0.6 0.0 71.3 5.63 × 10−7 0.13 0.053a 46.3a

2 wt% [Pt/(H-beta-25 + bentonite) in situ] 79.6 52.9 0.2 18.2 10.8 0.3 1.7 0.0 70.6 5.20 × 10−7 0.12 0.022 18.8
2 wt% [Pt/(bentonite) + H-beta-25] 83.8 51.9 0.4 23.1 16.8 0.2 0.9 0.0 72.9 6.23 × 10−7 0.14 0.011 9.2
2 wt% [Pt/(H-beta-25) + bentonite] 84.5 51.6 0.8 28.7 16.2 2.4 1.8 0.0 71.6 6.44 × 10−7 0.14 0.013 11.2
2 wt% [Ru/(H-beta-25 + bentonite) in situ] 75.4 67.6 14.9 17.2 0.7 1.4 48.7 61.9 67.8 8.83 × 10−7 — 0.031 —
2 wt% [Ru/(bentonite) + H-beta-25] 78.5 54.3 17.2 12.5 0.2 0.0 120.0 62.4 68.5 9.03 × 10−7 — 0.030 —
2 wt% [Ru/(H-beta-25) + bentonite] 77.1 51.9 11.2 13.8 0.2 0.3 109.9 60.8 66.8 6.47 × 10−7 — 0.019 —
2 wt% Ru/H-beta-300 39.3b 80.4b 12.8c 6.6c 0.3c 0.0c 69.8c 65.2c 74.9c 2.71 × 10−7c 0.06c 0.016c 3.7c

a Based on recalculated Pt concentration in the entire extrudate body. b 90 min TOS. c At 39.3% conversion. Ps – pulegols = isopulegol (IP) +
neoisopulegol (NIP) + isoisopulegol (IIP) + neoisoisopulegol (NIIP), MEs – menthols: menthol (ME) + neomenthol (NME), CS – cyclic products:
pulegols + menthols, ACS – acyclic monomeric products: citronellol (CLOL) + 3,7-dimethyloctanal (DMA) + 3,7-dimethyloctanol (DMO) + nerol
(NRL) + geraniol (GRN), DM – dimeric ethers, SSIP – stereoselectivity of isopulegol = IP/

P
Ps, SSME – stereoselectivity of menthol = ME/

P
MEs, η

– effectiveness factor: for 2 wt% Pt extrudates, it was calculated as a ratio of the reaction rate of extrudates at 80% conversion and the reaction
rate of the 2.5 wt% Pt/H-beta-25 powder catalyst at 80% conversion (Table S7); for 2 wt% Ru/H-beta-300 extrudates, it was calculated as a ratio
of the reaction rate of extrudates at 39.3% conversion and the reaction rate of the 2.5 wt% Ru/H-beta-300 powder catalyst at 40% conversion
(Table S7), TOF – turnover frequency, PCU – percentage of catalyst utilisation: for 2 wt% Pt extrudates, it was calculated as a ratio of TOF of
extrudates in the trickle-bed reactor and TOF of the 2.5 wt% Pt/H-beta-25 powder catalyst in the batch reactor at 80% conversion (Table S7); for
2 wt% Ru/H-beta-300 extrudates, it was calculated as a ratio of TOF of extrudates in the trickle-bed reactor and TOF of the 2.5 wt% Ru/H-beta-
300 powder catalyst in the batch reactor at 40% conversion (Table S7).
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Fig. 6 Concentration of products in continuous one-pot synthesis of menthol over extrudates: a) 2 wt% [Pt/(H-beta-25 + bentonite) post synthe-
sis], b) 2 wt% [Pt/(H-beta-25 + bentonite) in situ], c) 2 wt% [Pt/(bentonite) + H-beta-25], d) 2 wt% [Pt/(H-beta-25) + bentonite], e) 2 wt% Ru/H-
beta-300, f) 2 wt% [Ru/(H-beta-25 + bentonite) in situ], g) 2 wt% [Ru/(bentonite) + H-beta-25], and h) 2 wt% [Ru/(H-beta-25) + bentonite]. Nota-
tion: (○) pulegols, (●) menthols, ( ) acyclic monomeric hydrogenation products and (△) dimeric ethers.
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a rather large size of Ru particles (17 nm) 80% conversion was
obtained with 71.3% stereoselectivity to menthol after 150
min. When comparing the current results with those in the lit-
erature,4 the effect of metal particle size on stereoselectivity
cannot be elucidated. Higher values of stereoselectivity to the
desired (−)-menthol (80–85%) were observed over Cu/SiO2, Pd–
H3PW12O40/SiO2 and a MOF catalyst containing coordinatively
unsaturated Cr3+ sites and palladium nanoparticles at 50–90
°C, 8–50 bar after 2–18 h in a batch reactor.

3.5 Regeneration and reuse of Ru/H-beta-300 in the trickle
bed reactor

A regeneration test of 2 wt% Ru/H-beta-300 extrudates was
performed in the trickle bed reactor (Fig. 9). The results
showed that both the conversion and the liquid phase mass
balance were very similar in the second experiment, prior to
which, the reactor was flushed with cyclohexane for 30 min.
This is a promising result clearly showing the reusability of
Ru based extrudates. Further studies should be made with a
longer time-on-stream in order to demonstrate the long-term
stability of the catalyst, especially with Pt catalysts, which

exhibited better stability than mildly acidic 2 wt% Ru/H-beta-
300 extrudates (Fig. 6 and 9).

4 Conclusions

One-pot menthol synthesis was investigated in a trickle bed
reactor with Ru/H-beta-300 extrudates without a binder and
Pt- and Ru-extrudates prepared from 70 wt% H-beta-25 zeo-
lite and 30 wt% bentonite with controlled deposition of the
metal either on the zeolite or the binder. The catalyst charac-
terization results revealed that the method of the extrudate
synthesis has a major impact especially on the acidity, metal
dispersion and distribution of the metal in the extrudates.
The catalyst, prepared by loading Pt on H-beta-bentonite
extrudates, exhibited an egg-shell structure and the highest
Brønsted acidity among Pt extrudates. The highest Brønsted
acidity was found in extrudates prepared from the Ru/H-beta-
25-bentonite composite, which was then extruded, and the
lowest one was observed for extrudates prepared from Pt/H-
beta-25 mixed with bentonite and then extruded.

In one-pot synthesis of menthol from citronellal in the
trickle bed reactor, conversions of citronellal were nearly the

Fig. 8 a) Conversion of citronellal as a function of weak acid sites of different extrudates, b) the yield of menthols at 80% conversion as a function
of Brønsted acid sites of different extrudates. Notation: B25 – H-beta-25, Bent – bentonite, IS – in situ, PS – post synthesis.

Fig. 7 Concentration of acyclic monomeric hydrogenation products (ACP) vs. cyclic products (CP) in continuous one-pot synthesis of menthol
over extrudates: a) (○) 2 wt% [Pt/(H-beta-25 + bentonite) post synthesis], (●) 2 wt% [Pt/(H-beta-25 + bentonite) in situ], ( ) 2 wt% [Pt/(bentonite)
+ H-beta-25], and (△) 2 wt% [Pt/(H-beta-25) + bentonite]; b) (○) 2 wt% Ru/H-beta-300, (●) 2 wt% [Ru/(H-beta-25 + bentonite) in situ], ( ) 2 wt%
[Ru/(bentonite) + H-beta-25], and (△) 2 wt% [Ru/(H-beta-25) + bentonite].
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same for Pt extrudates, being independent from the catalyst
acidity or the metal particle size. The same is valid for Ru
extrudates, except for the very mildly acidic Ru/beta-300
extrudate without a binder, which gave much lower conversion.
Pt extrudates showed better stability with time on stream in
comparison to Ru extrudates. Oligomer formation occurred dur-
ing menthol synthesis despite a low reaction temperature, 35
°C, resulting in incomplete liquid phase mass balance closure.

Deactivated ruthenium catalysts could be, however, reg-
enerated by washing the catalyst with cyclohexane as illus-
trated for Ru/H-beta-300 extrudates.

The highest menthol yield was obtained with the mildly
acidic catalysts for Pt and Ru extrudates in the trickle bed re-
actor with a significant influence of mass transfer and an
analogous trend was observed in the kinetic experiments
performed in a batch reactor. Hydrogenation was more prom-
inent for Pt than for Ru catalysts, most probably due to their
high hydrogenation ability already at 35 °C. Stereoselectivity
to menthols, defined as menthol/(neomenthol + menthol) ×
100, varied in the trickle bed reactor in the range of 67 to
73%, while in the batch reactor for Ru- and Pt-catalysts it was
in the range of 70–71% independent of support acidity.

The best catalyst in the form of extrudates giving the highest
menthol yield and a low amount of acyclic hydrogenation prod-
ucts was Ru-beta-bentonite where Ru was located randomly in
the mixture of 70% H-beta-25 and 30% bentonite binder.
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