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Abstract 

Muhammad Azkaar     One-pot transformation of citronellal to menthol 

using bifunctional extrudate catalysts. Role of 

metal (Pt and Ru), the influence of acid sites, 

structures and textural properties of solid catalysts  

 

The work was carried out under the supervision of 

Professor Dmitry Murzin, Associate Professor 

Päivi Mäki-Arvela and Docent Narendra Kumar in 
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Reaction Engineering at Faculty of Science and 

Engineering, Åbo Akademi University, Finland.  
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catalysts, cyclization, hydrogenation 

 

 

One-pot transformation of citronellal to menthol is a two-step consecutive reaction that requires 

combined cyclization and hydrogenation steps using bifunctional catalysts. One-pot synthesis 

of menthol was investigated for the first time on a range of metal-acid bifunctional catalysts 

and metal/H-Beta extrudate catalysts in a continuous fixed-bed reactor with cyclohexane as a 

solvent. Catalysts were characterized using different characterization techniques for both 

chemical and surface properties. Ruthenium bifunctional catalysts were less active and more 

selective towards menthol as compared to platinum where the later gave more undesired 

hydrogenation products. One catalyst was also tested at two different hydrogen pressures, 

showing that the undesired hydrogenation was more prominent at high pressure. Powdered 

catalyst (2.5 wt.% Ru/Beta-300) at 35°C and 10 bars of pressure in the presence of cyclohexane 

as a solvent has shown higher selectivity towards menthol. Activity, however, was low because 

of mild reaction temperature. 
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Referat          

Muhammad Azkaar     Omvandling av citronellal till mentol i ett kärl på 

bifunktionella, extrurerade katalysatorer. Effekt av 

metall (Pt och Ru), sura säten, strukturer och 

morfologi av fasta katalysatorer  
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Arvela och docent Narendra Kumar vid Laboratoriet 

för teknisk kemi och reaktionsteknik, Fakulteten för 

Naturvetenskaper och teknik, Åbo Akademi, 
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Nyckelord Citronellal, isopulegol, neoisopulegol, isoisopulegol, 

mentol, neomentol, extrurerade platina och 

ruteniumkatalysatorer, bifunktionella katalysatorer, 

cyklicering, hydrering 

 

 

Omvandling av citronellal till mentol i ett kärl är en två stegs, konsekutiv reaktion som kräver 

kombinerad cyklisering och hydrering med hjälp av bifunktionella katalysatorer. I detta arbete 

undersöktes för första gången framställning av mentol i ett kärl med olika sura bifunktionella 

metallkatalysatorer och metall/H-Beta extrurerade katalysatorer. Reaktionen utfördes i en 

kontinuerlig, packad bädd reaktor med cyklohexan som lösningsmedel. De färska och använda 

katalysatorerna karakteriserades med olika fysikalisk-kemiska metoder. Bifunktionella 

ruteniumkatalysatorer var mindre aktiva men mera selektiva för mentol bildning i jämförelse med 

platinakatalysatorer, vilka gav mera icke-önskade hydreringsprodukter. En av katalysatorerna 

testades under två olika vätetryck och resultaten visade att mera icke-önskade 

hydreringsprodukter bildades under högre tryck. 2.5 vikt-% Ru/Beta-300 vid 35°C and 10 bars i 

närvaro av cyklohexan som lösningsmedel visade sig vara mera selektiv för bildning av mentol. 

Katalysatorns aktivitet var å andra sidan låg p.g.a. den låga reaktionstemperaturen. 
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1. Introduction 

1.1 Menthol 

Menthol, a monoterpene alcohol, is an essential compound for pharmaceutical and flavoring 

industry because of its cooling effects and minty fragrance. In the beginning, it was extracted 

in the form of essential oil for medicinal purpose in China and then imported to Japan by Enzan, 

a Japanese priest.[1] Japan remained a dominant player in menthol production for quite some 

time. After the earthquake in 1929 in Japan, around 0.3 million people migrated to Brazil and 

started menthol production there. Until 1970, Brazil and Paraguay were producing more than 

3000 tons of menthol annually. For the first time in 1920, menthol was used in cigarettes 

because of its pleasant cooling effect during smoking. Today, menthol is widely used as an 

important flavoring agent in many daily life products such as toothpaste, soaps, shampoos, 

chewing gum and cosmetics. [1] 

 

Figure 1: Menthol in daily life products adapted from [1] 

 

The chemical formula of menthol is C10H20O and it has four optical stereoisomers because of 

three asymmetrical carbon atoms as shown in Figure 1.1. Among those eight isomers, only (-)-

menthol has the minty fragrance and desired cooling properties.[1] When the term menthol is 

used in the literature, it means (-)-menthol isomer. The physical properties of menthol are given 

in Table 1.1. 

Table 1.1: Physical properties of menthol [1,2] 

Form Crystals (white) 

Melting Point, 0C 42 

Boiling Point, 0C 214 

Flash Point, 0C 93 

Density, kg/dm3 0.890 

Solubility in Water Slightly soluble 
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Figure 1.1: Stereoisomers of menthol (adapted from [1] ) 

 

1.1 Production of synthetic menthol 

Menthol is produced globally through both natural and synthetic routes. As the world demand 

for menthol increases, the same holds for the production, which leads to the anticipation of a 

shortage of natural resources. This resulted in the development of very first industrial process 

for the chemical synthesis of menthol in 1970.[5] 

1.1.1 Hermann & Remier process 

Hermann & Remier corporation (H&R, since 2003 part of Symrise), is producing menthol 

isomers via catalytic hydrogenation of thymol using active Al2O3 as a catalyst. Subsequent 

fractional distillation is used to separate (+,-)- menthols from other isomers. Neo-menthol, iso-

menthol and neoisomenthol isomers are recycled back to the distillation section and racemic 

menthol is converted into racemic menthyl benzoate. (-)-Menthyl benzoate is then separated by 

selective seeded distillation and converted back to (-)-menthol. (+)-Methyl benzoate is 

aromatized and recycled back to the distillation section.[5] A simplified reaction scheme for the 

Hermann and Reimer process is shown in Figure 1.2.  
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Figure 1.2: Synthesis of (-)- menthol from m-cresol; H&R Process (adapted from [5] ) 

 

The overall yield of this process is more than 90% after many recycling steps.  

 

1.1.2 Takasago process 

In 1980, Takasago developed a more sophisticated process to produce menthol from myrcene. 

In the first step, myrcene is converted into diethylgeranylamine (DGA) by adding diethylamine 

in the presence of a lithium catalyst. DGA in the presence of a complex rhodium-BINAP 

catalyst is isomerized to chiral citronellal with a yield of more than 98%. The purity of 
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citronellal produced in the synthetic process is much higher than natural citronellal from 

citronella oil. In a downstream step, citronellal is cyclized in the presence of zinc bromide to 

isopulegol. Crystallization of citronellal at a low temperature of -50 0C in the presence of 

heptane as a solvent produces around 90% of (-)-isopulegol. Isopulegol is then hydrogenated in 

the presence of a nickel catalyst to menthol. The reaction scheme for the Takasago process is 

shown in Figure 1.3.[5] 

 

 

Figure 1.3: Synthesis of menthol from myrcene; Takasago Process (adapted from [5]) 

 

1.1.3 One-pot synthesis of menthol 

Several research groups are active globally in the one-pot synthesis of menthol from citronellal 

using heterogeneous catalysts. Two reaction steps are involved in this process: cyclization of 

citronellal to isopulegol and hydrogenation of the latter to menthol.[2] Bifunctional catalysts, 

having acidic support for cyclization and the metal function for hydrogenation, are used to 

catalyze these reactions. The steps involved in one-pot synthesis are shown in Figure 1.4. A 

suitable catalyst is the one which is active and selective towards menthol, at the same time 

avoiding side reactions such as citronellal hydrogenation, dimerization and 

defunctionalization.[4] 
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Figure 1.4: Reaction scheme for the formation of menthol from citronellal (adapted from [4] ) 

 

In Figure 1.4, paths 1 and 2 are desirable reactions leading to the formation of menthol, while 

paths 3 and 4 give undesirable products. Formation of undesired products can be avoided by 

changing reaction temperature, pressure, solvent, acidity of the support and metal loading.  

 

1.1.3.1 Cyclization of citronellal 

Cyclization of citronellal was investigated using zeolites, mesoporous supports and silica as 

catalysts by Mäki-Arvela et al.[6] The catalysts exhibiting more Brønsted acid sites showed a 

higher conversion of citronellal to isopulegol as compared to less acidic supports like silica. 

Besides acidity, the catalyst structure also plays a vital role in this reaction. For example, H-

ZSM-5 has many Brønsted acid sites but the conversion of citronellal was low because of pore 
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diffusional limitations. On the other hand, stereo-selectivity to isopulegol was independent of 

the concentration of Brønsted and Lewis acid sites and slightly dependent on the pore size of 

the support.[6] Catalyst deactivation was prominent with a higher density of Brønsted acid sites 

as reported in the literature.[5] Results from cyclization experiments using different acidic 

catalysts are shown in Table 1.2. 

Table 1.2: Screening of acidic catalysts for cyclization of citronellal [6] 

Catalyst 

Initial reaction 

rate 

(mmole/min.gcat) 

Conversion 

after 3 h 

(%) 

Stereoselectivity 

to (+, -)-

isopulegol (%) 

Max yield 

of 

isopulegol 

(%) 

References 

H-Beta-

11 
3.5 71 72 48 

[6] 

H-

MORD 
4.3 85 67 48 

H-Y 7 98 67 62 

H-MCM-

41 
22 97 68 64 

H-MCM-

22 
19 100 67 55 

Alumina 0.03 10 72 12 

Silica 0.05 5 72 7 

 

1.1.3.2 Hydrogenation of isopulegol 

The second step in one-pot synthesis of menthol is the hydrogenation of isopulegol as an 

intermediate product. Hydrogenation was investigated in detail by Plösser et al. [4], Mäki-Arvela 

et al. [5] and Mertens et al. [7] using citronellal and citral as starting materials. Selectivity towards 

menthols over 2.0 wt.% Pt on Beta-Zeolites was more than 95% as reported by Mertens et al. 

[7] According to their research, Pt is more chemo-selective towards the desired hydrogenation 

as compared to Pd and other metals.  

Plösser et al. [4] reported 1.0 wt.% Ru on Beta zeolites as the best catalyst for the transformation 

of citronellal to menthol resulting in menthol selectivity of more than 93%. The catalyst was 

highly stereo-selective towards racemic menthol as compared to other catalysts having Pt and 

Pd as metals. Overall, the authors reported Ru and Pt as suitable metals for one-pot synthesis 

of menthol from citronellal. 
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1.2 Objectives 

All studies reported so far in the open literature on the one-pot synthesis of menthol were 

experimentally conducted in batch reactors. No research articles were found on the 

transformation of citronellal using shaped catalysts in continuous fixed-bed reactors. Based on 

the literature review, the following objectives were set to carry out the experimental tasks in 

this diploma work: 

 

• Catalysts screening and a kinetic study using different bifunctional catalysts in a batch 

reactor  

• Synthesis of the Pt and Ru shaped catalysts in the form of extrudates for continuous 

operation using bentonite as a binder  

• Fresh and spent catalysts characterization by measuring specific surface area, acidity, 

applying scanning electron microscopy and energy dispersive X-ray analysis (SEM-

EDX), transmission electron microscopy (TEM), coke extraction and size exclusion 

chromatography (SEC) and organic elemental analysis (CHNS) 

• Determination of the liquid-phase products with their identification using GC and GC-

MS  

• Investigation of the metals, acidic supports and reaction conditions on one-pot synthesis 

of menthol. 
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2. Catalysts for menthol synthesis and their characterization 

2.1 Support and binders 

2.1.1 Beta zeolites 

The structure of Beta zeolite was first determined in 1988. It is a highly crystalline 3-

dimensional aluminosilicate having 12-membered rings with micropores. Beta zeolites can 

have different silica to alumina ratio, e.g. Beta-25, Beta-150 and Beta-300, where the number 

represents their ratio. Acidic and basic properties are dependent on the SiO2/Al2O3 ratio. By 

lowering this ratio, the acidity of the zeolites decreases and vice versa. Beta zeolites have high 

acidity, high thermal stability and tunable surface properties.  Typically, the specific surface 

area of Beta-25 and Beta-300 is in the range of 700-800 m2/g and the specific pore volume is 

between 0.20 and 0.30 cm3/g [9]. Beta zeolites are widely used in industries because they are 

highly active in adsorption, ion exchange and catalysis. For example, beta-zeolites are highly 

selective for ring-opening catalytic reactions as they give low yields of naphthalene, coke and 

cracked products. They are also used for the improvement of the octane number of gasoline oil. 

[13] After hydrothermal synthesis, ammonium forms of beta zeolites are converted into the 

proton forms by one step calcination process. These materials were patented by Mobil Oil 

Corporation in 1967 and were used in the hydrocarbon conversion process, e.g. hydrocracking, 

dewaxing, dealkylation and as a sorbent for C8 and C10 alkylbenzene synthesis.[32] 

 

2.1.2 Bentonite 

Bentonite is an aluminum phyllosilicate natural clay primarily formed by weathering of rock 

minerals. Different types of binders used are named after the dominant elements in them, e.g. 

sodium, potassium and calcium bentonite. Bentonite is a laminar and expandable clay with 

remarkable binding properties. When zeolites or metal precursors are added in the suspension, 

binder particles physically stick to them and form a solid phase when the water is removed. 

Clay minerals have unique properties when compared to other colloidal materials, e.g. irregular 

particle shape, the wide distribution of particles, different types of charges and layer charges.[28]  

 

 

 

https://en.wikipedia.org/wiki/Aluminium
https://en.wikipedia.org/wiki/Silicate_minerals#Phyllosilicates
https://en.wikipedia.org/wiki/Clay
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2.2 Methods of physico-chemical characterization 

 

2.2.1 Nitrogen physisorption 

Solid catalysts are porous materials with a high specific surface area due to the porosity. Based 

on the size of the pores these materials are divided into three categories.[8] 

• Microporous materials (pore size < 2nm) 

• Mesoporous materials (pore size 2-50 nm) 

• Macroporous materials (pore size > 50nm) 

Nitrogen physisorption is widely used to measure the surface area and pore size distribution of 

the porous materials. BET theory, developed by Brunauer, Emmett and Teller[9,10] gives a 

possibility to calculate the surface area, while the approach of Barsrett, Joyner and Halenda[9] 

allows the determination of distribution from nitrogen physisorption. Physisorption isotherms 

are classified into six types by IUPAC.[9] In type-I isotherm, the monolayer adsorption takes 

place in microporous materials at low pressure. In Type-II isotherm, monolayer-multilayer 

adsorption occurs in macroporous solid materials.[9] In Type-III isotherm, multilayer adsorption 

occurs with strong interaction of the incoming molecules with the adsorbate. No hysteresis is 

present where adsorption and desorption curves do not coincide as in Type-I, Type-II and Type-

III isotherms. Type-IV isotherm is typical for catalytic materials like Type-II isotherm with the 

presence of mesoporosity. Type-V isotherm shows hysteresis inherent to mesoporous materials, 

while Type-VI isotherm gives layer-by-layer adsorption of uniform ultra-microporous solids. 

 

2.2.2 Fourier-transform infrared spectroscopy (FTIR) with pyridine as a probe molecule 

FTIR-technique developed by Hughes and White [11] is based on the Beer-Lambert law. For 

Lewis and Brønsted acid site characterization, various probe molecules are used including 

pyridine. The latter is a weaker base than ammonia and can easily be applied to measure the 

acid strength and concentration of OH groups.[12] 

Earlier measurements of FTIR for pyridine adsorbed on the surface were difficult and required 

synthesis of thin-film wafers of the catalyst under high pressure. These wafers were then 

exposed to pyridine vapors at 25 °C followed by desorption of physisorbed pyridine at 100 °C 

under vacuum. Jankovic and Komadel[14] simplified this procedure for determination of 

Brønsted and Lewis acidity. Currently, a more simplified method is used as the catalyst sample 

is directly treated with pyridine. After thermal desorption at 120 oC of physisorbed pyridine, 
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the spectra are recorded.[14] (A different desorption approach was used in this diploma work for 

FTIR measurements). 

In FTIR, an infrared beam is generated, transmitted through an interferometer and then split by 

a beam-splitter. The split beams are spread onto the mirrors and are recorded as an 

interferogram for background measurements. A similar procedure is then repeated on the 

sample wafer and the detector distinguishes all the absorbed wavelengths.[33] The sample 

readings are then corrected by subtracting the background readings. Brønsted acid sites and 

Lewis acid sites can be differentiated by the adsorption bands at 1545 cm-1 and 1455 cm-1 

respectively.[33] 

FTIR spectroscopy gives information on the composition and structure of the surface functional 

groups in the catalyst. FTIR is mainly used for supported catalysts to investigate and quantify 

the strength and concentration of various surface groups. It is also applied for the determination 

of the effect of surface group ratio on catalytic properties.[8] 

 

2.2.3 Scanning electron microscope and energy dispersive X-ray microanalysis (SEM-

EDX) 

In scanning electron microscopy (SEM), a specimen is illuminated by a beam of electron to 

produce highly magnified images. It is usually combined with X-ray microanalysis (EDX) 

where X-ray emission occurs by the excitation of inner shell energy levels of the atom by 

electron bombardment. The magnification range of SEM is typically from 20x to 20,000x and 

images are taken by probing specimen with a focused electron beam. It scans a rectangular area 

of the specimen and then electron scattering is analyzed.[15] 

SEM-EDX technique gives morphological and chemical properties of the surface at high spatial 

resolution. One advantage of SEM is the detection of the secondary electron, giving three-

dimensional (3D) images of the complex surfaces. SEM-EDX is mainly used for quantitative 

elemental analysis of the catalysts and can also be used for other applications.[17] 

 

 

2.2.4 Transmission electron microscopy (TEM) 

In transmission electron microscopy (TEM), an electron gun emits electrons which are 

stimulated by an anode and focused by electrostatic and electromagnetic lenses. The sample is 

placed on a grid and put in a vacuum chamber. An electron beam is then passed through the 

specimen which is transparent to electrons at some points and in others scatters them out of the 
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beam. Images are formed by lateral absorption of the scattered beam. Poorly organized supports 

such as γ-alumina create challenges in imaging due to the agglomeration of small crystals. Good 

images are formed for small particles because electrons are scattered at high angles which is far 

from an objective aperture in TEM.  

A Transmission electron microscope uses a 100-300 keV high voltage electron beam to take 

images. It magnifies the image in the range of 102-107. TEM measurements are performed at 

25 oC and 10-9 bars or higher pressure.[20] Transmission electron microscopy (TEM) gives 

images of particles with a resolution as high as 0.1 nm being able to capture macro and micro-

pores in thin sections and give a pseudo-3D image of the pore system.[19] 

 

2.2.5 Coke extraction with heptane and size exclusion chromatography 

Catalyst deactivation by coking and deposition of polymers is of great concern in catalytic 

science. To reach a better understanding of coke formation, it is desirable to obtain information 

on the amount and composition of soluble fractions of coke deposited on the catalyst surface or 

inside the pore structure.  

Size exclusion chromatography (SEC) is the most reliable and widely used technique to analyze 

the amount of coke and oligomers present on the catalyst. This method was first developed by 

Halász and Martin in 1970[21]. The solvents that are being commonly used for coke extraction 

are heptane (HEP), toluene (TOL), tetrahydrofuran (THF), pyridine (PYR), methanol (MeOH) 

and dichloromethane (DCM).[21] 

Coke and polymeric compounds from the catalyst are extracted at the boiling point of the 

solvent followed by the chromatographic analysis of the extract. The mobile phase in SEC is 

the same as the solvent (heptane) and the solute is separated into its individual molecules 

without any destruction or derivatization. Smaller molecules penetrate deep inside the porous 

packing material and elute after the larger molecules in the chromatogram.[8]  

 

2.2.6 Organic elemental analysis (CHNS) 

Organic elemental analysis (CHNS) is applied for the determination of elements such as carbon, 

hydrogen, nitrogen, sulfur and organic materials. Solids, liquids, volatile and viscous samples 

in polymer, food, energy, environment and pharmaceutical industries are analyzed by this 

method. 
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CHNS analysis is mainly used in analytical laboratories for chemicals, oil-related products and 

catalyst applications. In the oil industry, it is used for regular control of the coke build-up on 

refinery catalysts and to ensure the effectiveness of the regeneration process.[22] 

CHNS elemental analysis is highly accurate, being at the same time labor and time intensive. 

CHNS analysis is performed at high temperature and in an oxygen-rich environment. 

Combustion can be done both by static and dynamic methods. An inert gas is used as a carrier 

gas to transfer the combustion products namely CO2, H2O, SO2 and NOx, into the detector.[22] 

Adsorbents are applied for the removal of additional and undesired products. Excess oxygen 

and other gases are trapped in absorbent traps leaving only carbon dioxide, water, nitrogen and 

sulfur dioxide, which are then detected and analyzed by GC.[23] 

 

2.3 Reaction mixture analysis 

 

2.3.1 Gas chromatography 

Gas chromatography (GC) is a unique and versatile method used for gas and vapor analysis 

from the volatile components. It determines qualitative and quantitative elements of organic 

compounds entered directly or in a derivative form into the column for separation. GC is widely 

used for product identification, chemical structure of the compounds, mechanistic and chemical 

kinetics and determination of the diffusion constants. Chromatographic separation based on the 

shape of a peak in a system (depending on isotherm) gives the relationship between the solute 

concentration in a stationary phase and a carrier gas. A linear isotherm has Gaussian shape 

peaks while a nonlinear isotherm has asymmetric peaks.[24] 

GC analyzes substances that are thermally stable and capable of being vaporized with 1000 

mass units and the response is recorded as a chromatogram. Separation of the components is 

done by using two phases; one is stationary and the other is the mobile phase. Non-volatile 

components are pyrolyzed before separation.[8] Siloxane polymer gum is mostly used as a 

stationary phase and a carrier gas is used as the mobile phase. In gas-liquid chromatography, 

the stationary phase is the liquid and the mobile phase is the gas while the separation occurs 

using solubility difference. In gas-solid chromatography, the stationary phase is a granular solid 

and separation takes place by selective adsorption.[24] 
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2.3.2 Gas chromatography and mass spectrometry (GC-MS) 

Gas chromatography and mass spectrometry (GC-MS), also known as a hyphenated analytical 

technique consists of GC that separates the mixture into its components and MS characterizes 

these components. The GC-MS technique is more attractive due to smaller flow rates in the 

capillary column and good molecular separation.  

In GC-MS, a mass spectrometer acts as a specific and high-resolution chromatographic 

detector. Prior to analysis, non-volatile analytes are derivatized to lower their polarity, which 

increases chromatographic separation. It is also known as an electron ionization technique in 

which positive ions are measured and energy is given to take a mass spectrum in which ion 

abundance is plotted against mass to charge ratio at 70 eV.[25] 

GC-MS has high sensitivity and specificity for suitable analyte classes. It gives a detailed 

sample chromatographic profile of different components and is widely used in chemicals, 

petrochemicals and the pharmaceutical sectors for qualitative and quantitative analysis of the 

solution.[25] 
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3. Experimental section 

3.1 Catalysts & chemicals 

Chemicals listed in Table 3.1 were acquired from different suppliers and used without further 

purification. 

Table 3.1: List of chemicals used in this study 

Sr. No. Chemicals Purity Supplier 

1 Cyclohexane ≥ 99.9% Alfa Aesar 

2 Citronellal ≥ 95.0% Aldrich 

3 Menthol ≥ 99.0% Aldrich 

4 Geraniol Tech% Lancaster 

5 Nerol ≥ 97.0% Aldrich 

6 Iso-Menthol --- Molekula 

7 Neo-Menthol ≥ 97.0% Fluka 

8 Citronellol ≥ 99.0% Fluka 

9 Iso-pulegol ≥ 99.0% Fluka 

10 Tetrahydro Furan ≥ 99.9% Sigma-Aldrich 

11 Heptane ≥ 99.9% Sigma-Aldrich 

 

3.2 Synthesis of catalysts 

Two types of catalysts in the form of powder and extrudates were used in this diploma work. 

Shaped Pt and Ru catalyst extrudates were prepared by Dr. Zuzana Vajglova (Åbo Akademi, 

while the framework of the research project funded by Academy of Finland) and tested in a 

continuous reactor. Catalysts in the form of powder were used for catalyst screening and kinetic 

studies in a batch reactor. A list of catalysts used in continuous and batch modes for the 

transformation of citronellal to menthol is given in Table 3.2. 
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Table 3.2: List of catalyst used in this study 

Catalyst Catalyst Shape 

2.0 wt.% Ru/(Beta-25+Bentonite) In-situ Extrudate 

2.0 wt.% (Ru/Bentonite) +Beta-25 Extrudate 

2.0 wt.% (Ru/Beta-25) +Bentonite Extrudate 

2.5 wt.% Ru/Beta-300 Powder 

2.0 wt.% Ru/Bindzil Powder 

2.0 wt.% Ru/Beta-150 Powder 

2.0 wt.% Pt/(Beta-25+Bentonite) Post-

Situ 

Extrudate 

2.0 wt.% Pt/(Beta-25+Bentonite) In-Situ Extrudate 

2 wt.% (Pt/Bentonite) +Beta-25 Extrudate 

2 wt.% (Pt/Beta-25) +Bentonite Extrudate 

1.0 wt.% Pt/Beta-300 Powder 

1.0 wt.% Pt/Beta-25 Powder 

 

3.2.1 Zeolites 

Three types of zeolites namely NH4-Beta-25 (CP814E), H-Beta-75 (CP811E) and H-Beta-300 

(CP811C) used in this study were acquired from Zeolites International. The number at the end 

of each zeolite represents SiO2/Al2O3 ratio which corresponds to the acidic nature of the 

catalyst. The higher ratio reflects higher acidity. NH4-Beta-25 was transformed from 

ammoniacal form to the proton form, i.e. H-Beta-25 in a muffle oven using a step calcination 

procedure shown in Table 3.3.  
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Table 3.3: Step calcination program for NH4-Beta-25 

Steps Time, min Temperature, 0C 

Ramp 65 200 

Dwell 50 200 

Ramp 75 500 

Dwell 240 500 

 100 25 

 

3.2.2 Synthesis of shaped Ru-catalysts 

Three types of Ru-shaped catalysts were prepared with the metal loading of 2 wt.% in each 

case. Aluminosilicate clay bentonite from VWR International was used as a binder for catalyst 

shaping by extrusion with ca. 30% by weight of the binder. The evaporation impregnation 

method was used to deposit Ru metal on the support or binder. The three types of catalysts 

prepared in this case are as follows. 

• 2.0 wt.% Ru/(Beta-25+Bentonite) In-situ 

• 2.0 wt.% (Ru/Bentonite) +Beta-25 

• 2.0 wt.% (Ru/Beta-25) +Bentonite 

In the first type, Beta-25 was mixed with bentonite, and the slurry was rotated with a stirring 

speed of 50 rpm in a rota-evaporator (R-114) for 24 hours. Water was evaporated at 40 0C using 

another rota-evaporator (R-124) working at 50 rpm and 20 mbars vacuum. 

 

 

Figure 3.1: Rota evaporator used for catalyst synthesis 
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The powder mixture was placed in an oven for drying overnight at 100 0C. After drying, the 

mixture was calcined in a muffle furnace at 500 0C using step calcination procedure shown in 

Table 3.3. Ruthenium(III) chloride trihydrate (Sigma-Aldrich) was introduced in the mixture 

suspension in distilled water followed by heating at 60 0C and rotation for 24 hours. Water was 

evaporated using the rota-evaporator after 24 hours. The mixture was dried and calcined again 

in the muffle furnace at 400 0C using a step calcination procedure.  

After calcination, the powder catalyst was mixed with 1 wt. % of methylcellulose and distilled 

water and shaped in a screw extruder (TBL-2 Tianjin Tianda Beiyang Chemical Co. Ltd, China)  

with an opening of 1.5 mm. Extrudates were dried in an oven and recalcined using a step 

calcination procedure (Table 3.4) to remove moisture and volatile compounds. Reduction of 

the catalyst was done at 350 0C for 2 hours with a temperature ramp of 10 0C/min. 

Elongated extrudates were cut down into 10 mm long extrudates. In the other two types of 

catalysts, the same procedure was adopted with the main difference of the metal being deposited 

either on bentonite (2 wt.% (Ru/Bentonite) + Beta-25) or on Beta-25 (2 wt. % (Ru/Beta-25) + 

Bentonite). Evaporation, drying and calcination were involved after each step. The muffle 

furnace used for step calcination is shown in Figure 3.2.  

 

 

Figure 3.2: Muffle furnace for calcination 
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3.2.3 Synthesis of Pt-shaped catalysts 

Following four types of shaped Pt catalyst were prepared using Beta-25 as support and the 

amount bentonite as a binder was ca. 30% (by weight). 

• 2 wt.% Pt/(Beta-25+Bentonite) post-situ 

• 2 wt.% Pt/(Beta-25+Bentonite) in-situ 

• 2 wt.% (Pt/Bentonite) +Beta-25 

• 2 wt.% (Pt/Beta-25) +Bentonite 

In the first two types, Beta-25 and bentonite were mixed and calcined in the same way as 

described above for ruthenium-containing catalyst. Hexachloroplatinic acid (H2PtCl6, Sigma-

Aldrich) as metal precursor was impregnated on the support mixture at 60 0C and 50 rpm in 

rota-evaporator. The powder was dried, calcined and shaped in screw extruder (TBL-2 Tianjin 

Tianda Beiyang Chemical Co. Ltd, China).  

In the post-synthesis, a mixture of Beta-25 and bentonite was first shaped in the extruder and 

then hexachloroplatinic acid (H2PtCl6, Sigma-Aldrich) was deposited on extrudates at 60 0C 

using evaporation impregnation method. The extrudates were dried and calcined to get the final 

Pt-shaped catalyst. The reduction was done after impregnation of platinum at 400 0C for 2 hours 

with a temperature ramp of 10 0C/min. 

Last two types of catalysts were prepared by impregnating Pt metal in the same way as 

described above either on Beta-25 or on bentonite followed by drying, calcination and extrusion 

with 1 wt.% methylcellulose. The step calcination temperature programs used for Pt and Ru 

shaped catalysts are shown in Table 3.4.  

Table 3.4: Step calcination programs for Ru and Pt catalysts 

Catalyst Steps Time, min Temperature, 0C 

 

 

Ru- Catalysts 

Ramp 65 200 

Dwell 50 200 

Ramp 45 400 

Dwell 180 400 

 100 25 

 

 

Pt-Catalysts 

Ramp 75 250 

Dwell 50 250 

Ramp 65 400 

Dwell 180 400 

 100 25 
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3.2.4 Catalysts for the batch reactor 

The following catalysts were used in the batch reactor 

• 1.0 wt.% Pt/Beta-25 

• 1.0 wt.% Pt/Beta-300 

• 2.0 wt.% Ru/Beta-150 

• 2.5 wt.% Ru/Beta-300 

3.2.4.1 Synthesis of platinum modified catalysts 

Hexachloroplatinic acid (H2PtCl6, Sigma-Aldrich) was used as a metal precursor to modify 

Beta-25 and Beta-300 using evaporation impregnation method. The mixture was dried 

overnight at 100 0C in an oven and the resulting 1.0 wt.% Pt/Beta-25 and 1.0 wt.% Pt/Beta-300 

catalysts were calcined using a step calcination procedure in a muffle furnace (Table 3.4). 

Platinum modified catalysts were reduced at 400 0C for 2 hours with a temperature ramp of 10 

0C/min prior to each experiment. 

3.2.4.2 Synthesis of ruthenium modified catalysts 

Ruthenium chloride (RuCl3, Sigma-Aldrich) was used as a metal precursor to modify Beta-150 

and Beta-300 using ion exchanged method. The mixture was dried overnight at 100 0C in an 

oven and the resulting 2.0 wt.% Ru/Beta-150 and 2.5 wt.% Ru/Beta-300 catalysts were calcined 

using a step calcination procedure in a muffle furnace (Table 3.4). Ruthenium modified 

catalysts were reduced at 350 0C for 2 hours with a temperature ramp of 10 0C/min prior to each 

experiment. 

3.3 Physicochemical characterization of catalysts 

3.3.1 Characterization methods 

The following techniques were used to characterize fresh and spent catalysts: 

• Nitrogen physisorption 

• FTIR with pyridine as a probe molecule 

• SEM-EDX 

• TEM 

• Size exclusion chromatography 

• CHNS analysis 
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3.3.1.1 Nitrogen physisorption 

A sorptometer 1900 (Carlo Erba Instrument) was used to measure the textural properties of the 

fresh and spent catalysts (Figure 3.3). Two types of programs are generally used to calculate 

the surface area, pore volume and pore size distribution. The Dubinin method is applied to 

measure textural properties of microporous materials while the BET method is used to measure 

surface properties of mesoporous and macroporous materials. In this thesis work, only zeolites 

were used as support so Dubinin method was applied for the measurements.  

For each measurement, 0.2-0.25 g of a catalyst sample, dried overnight at 100 0C in an oven, 

was taken and placed inside a glass burette. The sample was outgassed at 150 0C and pressure 

lower than 8 mbars for three hours prior to the measurements. Outgassing was carried out to 

remove entrained air and moisture from the catalyst and the burette. Analysis of the outgassed 

catalyst was carried out at -196 0C to calculate the surface area and porosity. 

 

 

Figure 3.3: Apparatus for nitrogen physisorption 

3.3.1.2 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) was used to calculate the amount of Brønsted 

and Lewis acid sites on the catalyst with pyridine as a probe molecule (ATI Mattson FTIR 

Infinity Series). A powdered 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 0C and 0.08 

mbars of pressure for two hours and the background spectra were recorded at 100 0C. If the 

noise level was within the acceptable limits, pyridine was then adsorbed at 100 0C for 20-30 
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min. The spectra were recorded again at 100 0C after heating the catalyst at 250, 350 and 450 

0C. From the spectrum, Lewis acidity was quantified at 1450 cm-1 and Brønsted acidity at 1550 

cm-1 from the respective bands. The acid strength was identified from the temperature at which 

pyridine was desorbed. The concentration of acid sites was calculated using the extinction 

coefficient of Emeis.[26] 

3.3.1.3 Scanning electron microscopy and energy disruptive X-ray microanalysis (SEM-

EDX) 

Scanning electron microscopy (Zeiss Leo Gemini 1530) was used to measure the surface 

morphology, size, shape and chemical composition of fresh and spent catalysts. 10-15 mg of 

catalyst was used for analysis on a thin film coated with activated carbon. High-quality SEM 

images were obtained using an accelerating voltage of 2.7 kV with a working distance of 5-6 

nm. Chemical analysis of the catalyst was done by energy dispersive X-ray microanalysis.   

3.3.1.4 Transmission electron microscopy (TEM) 

To determine the particle size and the pore structure, transmission electron microscopy (TEM) 

was used. In TEM (Jeol JEM-14000 plus), spent and pre-reduced fresh catalysts were 

characterized using imaging and electron diffraction function. ImageJ software was used to 

calculate the average particle size and metal dispersion from high-quality images.  

3.3.1.5 Size exclusion chromatography (SEC) 

Size exclusion chromatography was used to identify the presence of dimers and polymers 

trapped inside the pores or adsorbed on the catalyst surface. To extract these polymers, heptane 

was used as a solvent. The spent catalyst sample of around 10-20 mg was placed inside the 

round bottom flask and 20 ml of heptane was added in the flask. The oil bath was used to heat 

the mixture at the boiling point of heptane to extract those heavy components from the catalyst. 

The mixture was continuously mixed with the help of a magnetic stirrer at 400 rpm and glycol 

cooling was applied to condense the solvent vapors at 0 0C.  

After four hours of extraction, the solvent was evaporated at 40 0C under the flow of nitrogen 

gas. The organic residue was then dissolved in 10 ml of tetrahydrofuran (THF) and the solution 

was filtered using a 0.2 mm membrane PTFE filter. The sample after filtration was taken into 

a GC vial and analyzed using SEC-HPLC with two columns namely Jordi Gel DVB 500A 

(300x7.8 mm) and Guard column (50x7.8 mm). Air pressure was set at 3.5 bars and the 

temperature was kept at 40 0C. 
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3.3.1.6 Organic elemental analysis (CHNS) 

In the organic elemental analysis, the spent catalysts were characterized to determine carbon, 

hydrogen, nitrogen and sulfur on or inside the catalyst surface. Sample of 2- 3 mg of the spent 

catalyst was introduced in a tin container which was then folded and placed inside an auto-

sampler of ThermoFisher Scientific Flash 2000-Combustion CHNS/O analyzer. The sample 

was oxidized in the presence of an excess of oxygen at 900 0C and the resulting gaseous 

products were passed through a gas chromatographic system for analysis.  

3.4 Experimental procedure 

One-pot synthesis of menthol was performed in batch and continuous mode. Powdered catalysts 

were used in the batch reactor and extrudates were used in a continuous fixed-bed reactor.  

3.4.1 One-pot synthesis of menthol in a batch reactor 

To study the effect of metal, acidity, metal loading and hydrogen pressure, the batch reactor 

was used to screen out the best catalyst for the transformation of citronellal to menthol. A 

suitable catalyst is highly active and selective towards the desired product and is stable under 

the applied reaction conditions.  

All powder catalysts in Table 3.1 were tested in the batch reactor. For each experiment, 1 g of 

catalyst was sieved into a fraction <63 µm using a vibratory micro-mill (Fritsch) to avoid the 

internal mass transfer limitation and then dried overnight in the oven at 100 0C. The dried 

catalyst was then weighed and placed inside a glass tube for pre-reduction under hydrogen flow 

of 40-50 ml/min. The temperature of 350 0C and 400 0C was selected to reduce the Ru and Pt 

oxides respectively. The catalyst was heated gradually under hydrogen flow condition with a 

temperature rise of 10 0C per minute until the desired temperature was achieved. Holding time 

for a catalyst at the reduction temperature was 2 hours to reduce all the metal oxides. After 

reduction the temperature was lowered to the ambient temperature and 10 ml of cyclohexane 

(solvent) was added inside the glass tube and sealed to avoid oxidation.  

For all experiments, 1 gram of the pre-reduced catalyst was filled inside the batch reactor (Parr 

autoclave, 300 ml). The reactor was equipped with pressure gauge, thermocouple, stirrer, 

cooling-water line and liquid phase sampling line. Citronellal reactant (1.20 gram) was 

dissolved in cyclohexane solvent (90.2 ml) and filled inside the reactor with the catalyst. After 

assembling, the reactor was flushed with an inert gas (≅95% N2, ≅5% Ar, AGA) for 5-10 

minutes. The reactor was then heated to 35 0C and pressurized with hydrogen (99.99%, AGA) 
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to 10 bars. A stirring rate of 900 rpm was selected to avoid external mass transfer limitations 

during the reaction. The reaction was performed for 150 minutes with sampling after every 30 

minutes. The spent catalyst was collected after every reaction from the reactor for 

characterization. The reactor setup for the screening of catalyst in batch mode is shown in 

Figure 3.6.  

 

Figure 3.6: Batch reactor setup 

3.4.2 One-pot synthesis of menthol in a continuous reactor 

Two sets of Pt and Ru shaped catalysts were tested in a continuous fixed-bed reactor. For each 

reaction, the catalyst in extrudate form was dried overnight in the oven at 100 0C. Dried catalyst 

(1g) was mixed with glass beads (15 g) and loaded inside the jacketed tubular reactor. The 

reactor was then assembled inside a parallel reactor system, fitted with temperature and pressure 

controller, gas flushing lines, reactant pumping system, sampling points and a cooling unit. The 

catalyst in continuous mode was reduced online under a hydrogen flow of 50-60 ml/min. 

Reduction temperature of 350 0C and 400 0C was selected for Ru and Pt respectively. Reduction 

time was 2 hours after which the reactor was cooled down to the reaction temperature of 35 0C.  
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After achieving the reaction temperature, the reactor and the connecting lines were flushed with 

deoxygenated cyclohexane for about 20 minutes with a flow rate of 0.5 ml/minute prior to the 

experiment. In the meantime, the reactor was pressurized with hydrogen to the reaction pressure 

of 10 bars and the flow rate of hydrogen was reduced to 50 ml/minute to maintain the pressure 

with the help of pressure controller. Citronellal (1.20 g) was dissolved in cyclohexane (90.2 ml) 

and purged with inert gas to deoxygenate the mixture. A bottle of pure cyclohexane was 

replaced with reactant at the inlet of the pump. A flow rate of 0.4 ml/min was selected and 

pumped through the reactor. The reaction was carried out for 150 minutes with sampling after 

every 30 minutes.  

After 150 minutes, reactant flow through the reactor was stopped and switched to the solvent 

for flushing. The reactor was slowly depressurized to ambient pressure by changing the set 

point at pressure controller. Heating was also stopped, and the reactor was purged with inert 

gas to remove hydrogen from the system. The reactor was then removed from the reactors 

system and the catalyst was separated from glass beads, dried and stored for characterization. 

The parallel reactors system used for this set of experiments is shown in Figure 3.7. 

 

 

Figure 3.7: Continuous reactor setup, available at <http://web.abo.fi/fak/tkf/tek/kincat.html> 

[Accessed April 16, 2019] 

http://web.abo.fi/fak/tkf/tek/kincat.html
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3.5 Analysis of the products 

Liquid samples collected during the reaction were analyzed using gas chromatography 

equipped with mass spectroscopy (GC-MS) for product identification. Gas chromatography 

(GC) was used to determine the product concentrations and overall conversion of the reactant.  

3.5.1 Gas chromatography 

Agilent 123-506E DB-5 (60 m x 328 μm x 0.50 μm column) was used to analyze the reaction 

mixture qualitatively. For analysis, 200 mg of sample was first diluted in 1124 mg of 

cyclohexane (solvent) and filled in the GC vials.  

Series of test runs were conducted to select a suitable temperature program at which products 

peaks were adequately separated and identified. The final temperature program chosen for all 

the analysis is shown in Table 3.5.  

 

Table 3.5: Temperature program for GC/GC-MS analysis  

Column Column 

Temperature, 

0C 

Temperature 

Ramp, 0C 

Final 

Temperature, 

0C 

Hold Time, 

min 

 

Agilent 123-506E 

DB-5 30 m*328 

μm*0.5 μm 

column 

80 - 110 0.00 

- 0.40 130 0.00 

- 13.00 200 10 

 

3.5.2 Calibration of product in GC 

The liquid sample after dilution was run in the GC-MS using the same temperature program 

shown in Table 3.5. Products were identified from the reaction mixture and then pure chemicals 

of the identified compounds were used to determine the retention time and calibration curves 

in GC. The retention times of the calibrated compounds in GC are shown in Table 3.6. 
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Table 3.6: Retention time of the identified products in GC-MS  

Sr. No. Products Retention Time, min 

1 Citronellal 7.6 

2 Isopulegol 7.7 

3 Menthol 8.6 

4 Neomenthol 8.4 

5 3.7-dimethyloctanol 9.4 

6 Citronellol 10.7 

7 Nerol 10.85 
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3.6 Definitions 

 

Conversion of the reactant was calculated by using the following equation; 

 

Conversion (X) =  
𝐶0−𝐶𝑖

𝐶0
∗ 100    ,                                      (1) 

 

where, X – conversion of the reactant at time t, % 

C0 - initial molar concentration of the reactant, mol/l 

Ci - molar concentration of the reactant at time t, mol/l. 

 

Selectivity was calculated according to the following formula; 

 

Sp =  
Cp

ΣCa+Cb+Cc+⋯+Cz
∗ 100    ,                                               (2) 

Sp – selectivity to product p at certain conversion (%) 

Cp – molar concentration of the product p (mol/l) 

Ca+Cb+Cc+⋯+Cz – the sum of the molar concentration of all products at the same conversion 

(mol/l). 

 

Liquid phase mass balance was calculated using the following formula; 

 

Mass Balance (%) =  
Σ𝜌𝑖

Σ𝜌0
∗ 100       ,                                            (3) 

 

∑ρi = Sum of mass concentration of all components at different sampling time 

∑ρ0 = Sum of mass concentration of all components at time = 0 
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4. Results and discussions 

4.1 Physico-chemical characterization of catalysts 

4.1.1 Nitrogen adsorption 

The specific surface areas of beta zeolites, metal modified powder and extrudate-form catalysts 

in this work are summarized in Table 4.1. The highest specific surface areas were exhibited by 

H-Beta-25, H-Beta-150 and H-Beta-300, being 807, 664 and 805 cm3/gcat respectively. The 

specific surface area of H-Beta-150 was considerably lower than the other two zeolites. The 

possible reasons behind this could be the usage of different batches of these commercial 

catalysts and the calcination temperature.  

The powdered metal-acid bifunctional catalysts had lower specific surface areas as compared 

to the parent zeolites. In these catalysts, 1 wt.% Ru/H-Beta-150 was prepared by ion-exchange 

method and exhibited a similar specific surface area. While the other three catalysts synthesized 

using the evaporation impregnation method exhibited lower specific surface areas. The specific 

surface areas of these bifunctional powdered catalysts decreased by the same trend as their 

parent zeolites. In comparison to the extrudates, these powdered bifunctional catalysts 

possessed higher specific areas, which happened due to higher exposed surfaces of the catalysts. 

These extrudates exhibited specific surface areas in between 430 and 491 cm3/gcat.  

The specific surface areas of the spent catalysts show significant coking during the one-pot 

synthesis of menthols along with a decrease in their specific surface areas and pore volumes by 

50%. The decrease in specific surface areas and pore volume is due to the accumulation of coke 

and oligomers on the surface and inside the pores of the catalyst which decrease the pore 

volumes. Coke and oligomers were also confirmed by organic elemental analysis and size 

exclusion chromatography. Size exclusion chromatography also confirmed the presence of 

higher molecular components. 
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Table 4.1: Specific surface area and pore volume of catalysts 

 

Catalyst 

Specific 

Surface 

Area 

(m2/gcat) 

 

Pore 

Volume 

(cm3/gcat) 

 

 

References 

H-Beta-25 807  

N/A 

 

[26] 
H-Beta-75 664 

H-Beta-300 805 

Powder  

 

 

 

 

 

 

 

 

 

Experime- 

ntally found 

2.5 wt.% Ru/Beta-300 548 0.19 

1.0 wt.% Ru/Beta-150 667 0.23 

2.0 wt.% Pt/Beta-300 592 0.21 

2.0 wt.% Pt/Beta-25 686 0.24 

Extrudates 

2.0 wt.% Ru/(Beta-25+Bentonite) In-situ 479 0.41 

2.0 wt.% (Ru/Bentonite) +Beta-25 470 0.42 

2.0 wt.% (Ru/Beta-25) +Bentonite 491 0.42 

2.0 wt.% Pt/(Beta-25+Bentonite) Post 452 0.35 

2.0 wt.% Pt/(Beta-25+Bentonite) In-Situ 452 0.34 

2.0 wt.% (Pt/Bentonite) +Beta-25 431 0.36 

2.0 wt.% (Pt/Beta-25) +Bentonite 473 0.39 

Spent catalysts 

2.5 wt.% Ru/Beta-300 214 0.29 

2.0 wt.% Pt/(Beta-25+Bentonite) In-Situ 207 0.28 

2.0 wt.% (Ru/Beta-25) +Bentonite 205 0.28 
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4.1.2 FTIR spectroscopy 

Pyridine adsorption-desorption with FTIR spectroscopy showed the presence of both Brønsted 

and Lewis acid sites in all catalysts. All the values in this section will be mentioned for Brønsted 

acid sites because isomerization depends on Brønsted acid sites.[6] The highest Brønsted acid 

sites in metal-exchanged beta zeolites were found in 2 wt.% Pt/Beta-25 and 1.0 wt.% Ru/Beta-

150 (Table 4.2). In catalyst extrudates with bentonite as a binder, the highest Brønsted acid sites 

were shown by 2 wt.% Ru/ (Beta-25 + Bentonite) in-situ synthesis. The same catalyst with a 

different combination of binder and beta zeolite, namely Ru/(Bentonite) + Beta-25, 2.0 wt.% 

Ru-extrudate (in-situ synthesis) showed a lower concentration of Brønsted acid sites. The same 

trend was shown by platinum extrudates, but they exhibited a much lower amount of Brønsted 

acid sites.  

The platinum-exchanged Beta-25 and ruthenium-exchanged Beta-150 exhibited higher 

concentration of Brønsted acid sites than the beta zeolites. These changes in acidity for the 

resulting catalysts are associated with the acidity of a metal precursor as reported by Kubička 

et al.[27] The same effect can also be seen in platinum and ruthenium-extrudates, i.e. Pt/(Beta-

25 + Bentonite), 2 wt.% Pt-extrudate (post-situ synthesis) and Ru/(Beta-25 + Bentonite), 2 wt.% 

Ru-extrudate (post-situ synthesis). Moreover, the changes in the preparation method and 

support-binder combination in preparation stages can alter the acidity, i.e. Ru/(Beta-25 + 

Bentonite), 2 wt.% Ru-extrudate (in-situ synthesis) and Ru/(Bentonite) + Beta-25, 2 wt.% Ru-

extrudate (in-situ synthesis). 
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Table 4.2: Brønsted and Lewis acid sites determined by FTIR spectroscopy, a* experimentally found. 

250 0C = sum of weak (w) +medium (m) +strong (s) acid sites, 350 0C = m + s, 450 0C = s 

Catalysts 
Brønsted acidity, 

µmol/g 
Lewis acidity, µmol/g 

Ref 

  
250 
0C 

350 
0C 

450 
0C 

250 
0C 

350 
0C 

450 
0C 

∑ 

Beta-25 287 233 191 63 28 10 350 

[30] Beta-150 250 201 164 70 31 14 320 

Beta-300 66 50 23 11 5 3 77 

Pt/(Beta-25 + Bentonite), 2.0 wt.% 

Pt-extrudate (post synthesis) 
183 129 129 25 25 24 208 

a 

Pt/(Beta-25 + Bentonite), 2.0 wt.% 

Pt-extrudate (in-situ synthesis) 
110 13 12 21 8 6 131 

Pt/(Bentonite) + Beta-25, 2.0 wt.% 

Pt-extrudate (in-situ synthesis) 
120 46 35 25 20 15 145 

Pt/(Beta-25) + Bentonite, 2.0 wt.% 

Pt-extrudate (in-situ synthesis) 
55 54 54 13 13 13 69 

Ru/(Beta-25 + Bentonite), 2.0 wt.% 

Ru-extrudate (in-situ synthesis) 
174 42 29 78 13 9 252 

Ru/(Bentonite) + Beta-25, 2.0 wt.% 

Ru-extrudate (in-situ syntesis) 
121 40 18 62 16 8 183 

Ru/(Beta-25) + Bentonite, 2.0 wt.% 

Ru-extrudate (in-situ synthesis) 
159 36 26 48 6 6 207 

2.5 wt.% Ru/Beta-300 190 103 82 51 32 32 241 

1.0 wt.% Pt/Beta-25 300 16 0 88 2 0 388 
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4.1.3 Scanning electron microscopy 

Relevant scanning electron microscopy (SEM) micrographs are presented here on the scale of 

200 nm with 25000 magnification. SEM micrographs for Beta-25, 150 and 300 show uniform 

round shaped particles with well-defined structures having average sizes of 60-140 nm, 80-190 

nm and 0.4-1.0 µm respectively, as reported by Liu et al.[31] The SEM micrographs for the fresh 

Pt/Beta-25 catalysts do not show any change in the size and shape of the zeolite after metal 

impregnation. The platinum beta extrudates possess the same structures as their parent 

materials, as reported by Vajglova et al. [28] SEM-EDX results show the presence of various 

metals in extrudates, namely iron and magnesium. These metals originate from bentonite where 

these metals are present in their oxide forms. Moreover, it was reported that these extrudates 

possess non-linear mixtures due to their inhomogeneous mixing as visible in Figure 4.1(a-c).  

 

A 
 

b 

c   

Figure 4.1: a. SEM micrograph for the fresh 2 wt.% (Ru/Beta-25) + bentonite, b. SEM micrograph for 

the fresh 2 wt.% (Pt/Beta-25+bentonite) in-situ, c. SEM micrograph for the fresh 2 wt.% Pt/Beta-25 
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The elemental composition of some of the catalysts analyzed by SEM-EDX, metal-to-metal 

ratios in the bifunctional catalysts and bifunctional extrudates along with other metals is 

displayed in Table 4.3. Si/Al ratio for Beta-25 is almost the same for all the catalysts except 2.0 

wt.%(Pt/Bentonite) +Beta-25 which showed a lower Si/Al ratio. For ruthenium-extrudates, a 

lower ruthenium loading was achieved for extrudates M3 and M4. While higher loading was 

observed in M5. The platinum extrudates M5 and M7 exhibited almost the same platinum 

loading while M6 had much higher platinum loading which cannot be seen in any other 

catalysts. The reason might be the error in measurements during the preparation phase or in the 

equipment. In powdered form, ruthenium loading was quite low, while higher platinum loading 

was achieved. Moreover, the latter catalysts possess slightly higher Si/Al ratio than extrudates. 

Table 4.3: Results from EDX analysis from the bifunctional catalysts and bifunctional extrudates as a 

function of weight percent (wt.%) 

Sr. No Catalyst O Al Si 
Other 

elements 
Si/Al Si/Pt, Si/Ru 

M3 
2 wt.%Ru/(Beta-

25+Bentonite) 
56.63 4.51 38.65 

Ru= 1.6    

Fe= 0.3    

Mg= 0.32 

8.6 24.2 

M4 

2 

wt.%(Ru/Bentonite) 

+Beta-25 

52.93 4.77 39.45 

Ru= 1.9    

Fe= 0.69    

Mg= 0.25 

8.3 20.8 

M5 
2 wt.%(Ru/Beta-25) 

+Bentonite 
53.89 4.73 38.45 

Ru= 2.27    

Fe= 0.47    

Mg= 0.19 

8.1 16.9 

M6 
2 wt.%Pt/(Beta-

25+Bentonite) Post 
51.6 4.17 35.57 

Pt= 7.69    

Fe= 0.77    

Mg= 0.20 

8.5 4.6 

M7 

2 wt.%Pt/(Beta-

25+Bentonite) In-

Situ 

52.75 4.76 39.93 
Pt= 2.22   

Mg= 0.33 
8.4 18.0 

M8 
2 wt.%(Pt/Bentonite) 

+Beta-25 
54.04 4.85 37.9 

Pt= 2.44    

Fe= 0.55    

Mg= 0.22 

7.8 15.5 

M9 
2 wt.%(Pt/Beta-25) 

+Bentonite 
53.74 4.18 38.2 

Pt= 3.18    

Fe= 0.49 

Mg= 0.21 

9.1 12.0 

M10 
2.5 wt.% Ru/Beta-

300 
74.54 0.5 23.29 Ru= 1.67 46.6 13.9 

M14 1 wt.% Pt/Beta-25 51.5 3.4 42.6 Pt= 2.5 12.5 17 
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4.1.4 Transmission electron microscopy 

Transmission electron microscopy (TEM) was utilized to analyze the structure and active metal 

cluster size for bifunctional powdered and extruded catalysts. TEM was only utilized for the 

best bifunctional powdered and extruded catalysts reported in Table 4.4. All the catalysts were 

reduced prior to the characterization using TEM. 

Table 4.4. Average metal particle size determined from TEM images. 

Exp. 

No 

Catalyst Size 

min. 

(nm) 

Size 

max. 

(nm) 

Avg. 

particle 

size (nm) 

Dispersion* 

(%) 

M3 2.0 wt.%Ru/(Beta-25+Bentonite) 8.40 48.00 20 5 

M4 2.0 wt.%(Ru/Bentonite)+Beta-25 6.25 76.31 19 5 

M5 2.0 wt.% (Ru/Beta-25)+Bentonite 9.3 45.0 20 5 

M6 2.0 wt.%Pt/(Beta-25+Bentonite) Post 2.42 65.98 14 7 

M7 2.0 wt.% Pt/(Beta-25+Bentonite) In-Situ 5.25 25.0 14 7 

M8 2.0 wt.%(Pt/Bentonite)+Beta-25 1.05 17.47 4 26 

M9 2.0 wt.%(Pt/Beta-25)+Bentonite 3.38 39.49 13 7 

M10 2.5 wt.% Ru/Beta-300 -- -- 17 6 

M14 2.0 wt.% Pt-Beta-25 8.5 1.28 3.3 30 

M5 

Spent 

 

2.0 wt.% (Ru/Beta-25)+Bentonite  

 

8.50 

 

32.95 

 

16 

 

6 

M7 

Spent 

 

2.0 wt.% Pt/(Beta-25+Bentonite) In-Situ 

 

4.10 

 

21.80 

 

10.4 

 

10 

M10 

Spent 

 

2.5% Ru/Beta-300 

 

6.44 

 

46.14 

 

21 

 

5 

M14 

Spent 

 

2 wt.% Pt/Beta-25  

 

1.70 

 

8.50 

 

3 

 

35 

*Dispersion calculated by 100/average particle size. 

 

In general, different metals modified on the same supporting material can have different particle 

sizes. For example, the average particle sizes of platinum and ruthenium on Beta-25 are 

different from each other (Table 4.4). The average particle size from Table 4.4 suggests that all 

the metal particles are larger than the pore opening of the supporting material. Thus, it can be 

concluded that large fractions of metal crystals are located on the external surface of the 

supports.[26] The effect of ruthenium impregnation on support, binder or on mixture was 
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negligible, as the metal dispersion was same for all ruthenium-extrudates. In the case of 

platinum-extrudates, 2.0 wt.%(Pt/Bentonite) +B-25 shows the highest metal dispersion and low 

average particle size. The exact reason for this much deviation is not well defined in the literature. The 

reason might be the error in measurements using ImageJ software. Moreover, redispersion was also 

observed in spent catalysts with slightly higher metal dispersion than fresh catalysts.  

 

 

a 
 

b 

Figure 4.2: TEM image and (b) average metal particle size histogram for the fresh 2.0 wt.% Pt/Beta-25 

(Batch reactor, T = 35 0C, P = 10 bars) 

 

 

a 
 

b 

Figure 4.3: TEM image and (b) average metal particle size histogram for the spent 2 wt.% Pt/Beta-25 

(Batch reactor, T = 35 0C, P = 10 bars) 
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a 

 

b 

Figure 4.4: TEM image and (b) average metal particle size histogram for the fresh 2 wt.% (Ru/Beta-

25)+Bentonite. 

 

 

a 

 

b 

 

Figure 4.5: (a) TEM image and (b) average metal particle size histogram for the spent 2 wt.% 

(Ru/Beta-25)+Bentonite. (Continuous reactor, T = 35 0C, P = 10 bars) 

 

 

a 

 

b 

Figure 4.6: (a) TEM image and (b) average metal particle size histogram for the fresh 2 wt.% Pt/(Beta-

25+Bentonite) In-Situ. 
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a 

 

b 

Figure 4.7: (a) TEM image and (b) average metal particle size histogram for the spent 2 wt.% Pt/(Beta-

25+Bentonite) In-Situ. (Continuous reactor, T = 35 0C, P = 10 bars) 

 

4.1.5 Size exclusion chromatography 

Size exclusion chromatography (SEC) was used to investigate the heavy products formed 

during one-pot synthesis of menthol. Identification and qualitative characterization of adsorbed 

organic compounds on 2 wt.% (Ru/B-25) + Bentonite and 2 wt. %Pt/(B-25+Bentonite) in-Situ 

are given in Table 4.5. In SEC, the peaks for the heavy components eluted at shorter retention 

times, while lighter components appeared at longer retention times. Table 4.5 shows that in the 

spent ruthenium catalyst, half of the organic compounds were heavy components and the other 

half consisted of light coke. For the spent platinum catalyst, almost all the compounds were 

heavy components, which indicated that the polymerized hydrogenation products were stuck 

inside the pores of the catalyst. As the platinum metal is more active towards hydrogenation, it 

leads to the formation of more undesired hydrogenation products. These results are in-line with 

the organic elemental analysis which shows that more carbon is present in platinum-extrudates 

and less percentage of carbon in ruthenium-extrudates.  
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Table 4.5: The retention times with the molecular weights of the extracted coke analyzed SEC for 2 

wt.%(Ru/B-25) +Bentonite and 2 wt.%Pt/(B-25+Bentonite) in-Situ. (Continuous reactor, T = 35 0C, P 

= 10 bars) 

2%(Ru/B-25) +Bentonite 

Retention Time, 

min 

Molecular 

weight 
Area, % 

Total 

area 

24.18 N/Aa 3.9 68290 

21.88 525 35.5 617803  

20.42 1050 13.6 236361 

14.96 N/Aa 47 818215 

2%Pt/(B-25+Bentonite) In-Situ 

Retention Time, 

min 

Molecular 

weight 
Area, % 

Total 

area 

24.17 N/Aa 0.1 
13318 

21.85 530 3.3 799068 

14.97 N/Aa 96.7 
23753491 

 

a The coke components eluted at 24.18, 14.96 in 2 wt.% (Ru/B-25) +Bentonite and 24.17 and 14.97 

min in 2 wt.% Pt/(B-25+Bentonite) In-Situ are very heavy molecules. 

 

4.1.6 Organic elemental analysis (CHNS) 

Organic elemental analysis of the spent catalyst (Table 4.6) indicated an increase in all the 

elements, i.e. nitrogen, carbon and hydrogen after one-pot synthesis of menthol for 2 

wt.%(Ru/B-25)+Bentonite and nitrogen and sulfur for 2 wt.%Pt/(B-25+Bentonite) In-Situ at 

the experimental conditions. The analysis also indicated an increase in nitrogen and hydrogen 

for 2 wt.%(Ru/B-25) +Bentonite and an increase in hydrogen for 2 wt.%Pt/(B-25+Bentonite). 

The flushing of the reactor with nitrogen before and after and hydrogen during the one-pot 

synthesis of menthol would cause these additions. A higher coke deposition in platinum 

catalysts was observed as compared to ruthenium catalysts. As the reaction conditions were 

very mild, the coke formation might have resulted due to the higher acidity of support material 

Beta-25.  
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Table 4.6: CHNS results of the bifunctional platinum and ruthenium-extrudates. 

Sample 

Weight Nitrogen Carbon Hydrogen Sulfur 

(mg) (% w/w) (% w/w) (% w/w) (% w/w) 

2.0 wt.%(Ru/Beta-

25)+Bentonite-1 

2.03 0.065 9.69 1.94 0.0 

2.0 wt.%(Ru/Beta-

25)+Bentonite-2 

2.18 0.01 9.18 1.87 0.0 

2.0 wt.%(Ru/Beta-

25)+Bentonite-3 

2.36 0.02 9.87 1.94 0.0 

  avg. 0.03 9.58 1.92 0.0 

  stdev. 0.03 0.36 0.04 0.0 

2.0 wt.%Pt/(Beta-

25+Bentonite) In-Situ-1 

2.43 0.0 10.72 2.04 0.0 

2.0 wt.%Pt/(Beta-

25+Bentonite) In-Situ-2 

2.38 0.0 11.42 2.15 0.0 

2.0 wt.%Pt/(Beta-

25+Bentonite) In-Situ-3 

1.97 0.0 11.64 2.17 0.0 

  avg. 0.0 11.26 2.12 0.0 

  stdev. 0.0 0.48 0.07 0.0 

 

4.2 One-pot synthesis of menthol 

 

4.2.1 Transformation of citronellal to menthol using shaped Ru-catalysts 

 

Three types of shaped Ru-catalysts having same acidic support Beta-25, 2 wt.% of metal 

loading and bentonite as a binder were tested in a fixed-bed continuous reactor. However, metal 

was impregnated either on the support, binder or their mixture. The reaction was carried out at 

35 0C and 10 bars of total pressure in the presence of hydrogen for 150 minutes. The results of 

the catalytic transformation of citronellal to menthol, liquid phase mass balance and the yield 

of products as a function of time on stream are shown in Figures 4.8-4.10.  
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Figure 4.8: Catalytic transformation of citronellal using shaped Ru-catalysts (after 150 minutes at 35 

0C and 10 bars of pressure) 

Conversion after 150 minutes for all the catalysts was same as shown in Figure 4.8. However, 

2 wt.% (Ru/Beta-25) +Bentonite showed a more stable behavior as compared to the other 

catalysts. Table 4.2 and Table 4.4 shows the acidity and dispersion of all the three Ru-shaped 

catalysts. The dispersion was 5% for all the ruthenium-extrudates and the acidity varied in 

between 200 and 250 µmol/g. These values corresponded to the negligible effect on the overall 

conversion of the reaction. The metal loading was higher for 2 wt.% (Ru/Beta-25) +Bentonite 

and that might be the reason for the better stability of the catalyst. Similar behavior was also 

observed in the case of liquid phase mass balance as shown in Figure 4.9.   
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Figure 4.9: Liquid phase mass balance as a function of TOS using shaped Ru-catalysts (after 150 

minutes at 35 0C and 10 bars of pressure) 

 

Figure 4.10: Product yields using shaped Ru-catalysts (after 150 minutes at 35 0C and 10 bars of 

pressure), IP = isopulegol, NIP = neoisopulegol, IIP = isoisopulegol, Me = menthol, NM = 

neomenthol, DMO = 3,7-dimethyl-1-octanol, DHC = dihydrocitronellal 

Figure 4.10 shows both main and intermediate products of citronellal using shaped Ru-catalysts. 

A higher concentration of menthol was observed in case of 2 wt.% Ru/(Beta-25 +Bentonite) as 

compared to the other catalysts. Figure 4.11 shows the ratio between the yield of isopulegol and 
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+Bentonite) was low which indicates the higher yield of menthol. The dispersion was same for 

all ruthenium-extrudates, hence the acidity plays an important role in lowering the ratio of 

isopulegol to menthol. Acidity for 2 wt.% Ru/(Beta-25 +Bentonite) was 252 μmol/g and it leads 

to the formation of more isopulegol and a higher yield of menthol. Overall selectivity towards 

menthol using shaped-ruthenium catalysts was satisfactory and the yield of the undesired 

hydrogenation products was negligible. 

Intermediate isopulegol was present in the reaction mixture which can be correlated to the 

incomplete reaction. An increase in the reaction temperature and the residence time can 

selectively convert isopulegol to menthol. 

 

 

Figure 4.11: Ratio of the yield of isopulegol/menthol for Ru-extrudates as a function of time on stream 

(Continuous reactor at 35 0C and 10 bars of pressure) 

4.2.2 Transformation of citronellal to menthol using shaped Pt-catalysts 

Four types of shaped Pt-extrudates were tested for the transformation of citronellal to menthol 
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pressure for 150 minutes and the results of conversion, liquid phase mass balance and products 

yield are shown in Figures 4.12-4.14. 
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Figure 4.12: Catalytic transformation of citronellal using shaped Pt-catalysts (after 150 minutes at 35 

0C and 10 bars of pressure) 

 

Figure 4.13: Liquid phase mass balance as a function of TOS using shaped Pt-catalysts (after 150 

minutes at 35 0C and 10 bars of pressure) 
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lowest isopulegol to menthol ratio as shown in Figure 4.15. Similar results were also reported 

by Mäki-Arvela et al.[6] that higher Brønsted acidity is required for cyclization of citronellal to 

isopulegol and the latter can be hydrogenated to yield more menthol.  

 

Figure 4.14: Product yields using shaped Pt-catalysts (After 150 minutes at T = 35 0C and P =10 bars), 

Abbreviations are the same as mentioned in Figure 4.10 

 

Figure 4.15: Figure 4.11: Ratio of the yield of isopulegol/menthol for Pt-extrudates as a function of 

time on stream (Continuous reactor at 35 0C and 10 bars of pressure) 
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13 % for 2.0 wt.% Pt/(Beta-25 + Bentonite) Post-Situ. However, the yields of the undesired 

hydrogenation products (DMO and DHC) were more than 18% in the case of 2.0 wt.% Pt/(Beta-

25 + Bentonite). Table 4.3 shows that the metal loading was 7.69% for 2.0 wt.% Pt/(Beta-25 + 

Bentonite) Post-Situ and that can be a possible cause for the highest yield of the undesired 

hydrogenation products. Similar behavior was also reported by Mertens et al.[7] showing that 

by increasing the metal loading to more than 2.0 wt.%, direct hydrogenation of citronellal 

yielded 3,7-dimethyl-1-octanol. 

Overall hydrogenation rate was faster for platinum-shaped catalyst than ruthenium-shaped 

catalysts which indicated that the platinum metal was more active towards hydrogenation than 

ruthenium metal. The undesired hydrogenation products were present in the case of Pt-shaped 

catalysts. So, in terms of selectivity towards menthol, the performance of Ru-shaped catalysts 

was better than Pt-shaped catalysts.  

4.2.3 Transformation of citronellal to menthol in a batch reactor 

To study the role of metal, support acidity and reaction conditions, experiments were also 

performed in a batch reactor using powdered catalysts. Pt and Ru were used as metals for 

hydrogenation reaction and acidic supports for cyclization reaction. Table 4.7 shows the results 

of the reactions performed in the batch reactor.  

Table 4.7: Experimental data of reactions performed in a batch reactor with 1 g of catalyst at 35 0C and 

10 bars of total pressure 

Exp. Code Catalyst Conversion (%) 
Mass 

balance (%) 

M10 
2.5 wt.% Ru/Beta-

300 
80.2 70 

M11 1.0 wt.% Pt/Beta-300 99.1 58 

M12 
2.5 wt.% Ru/Beta-

300 
86.4 58 

M13 2.0 wt. % Ru/Bindzil 90.1 54 

M14 1.0 wt.% Pt/Beta-25 100 54 

M15 2.0 wt. % Ru/Beta-75 91.5 48 
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4.3 Influence of metal in one-pot synthesis of menthol 

Different noble and transition metals for the hydrogenation of isopulegol to menthol in one-pot 

synthesis were used in the literature.[4,7] In this work, only Pt and Ru metals were tested for one-

pot synthesis of citronellal to menthol. The catalytic behavior of both metals under the same 

reaction conditions and acidic support in a continuous fixed-bed reactor is shown in Figures 

4.8-4.15. 

Conversion of citronellal and liquid phase mass balance with both metals were quite similar. 

However, the product distribution was different for different metals. Product distribution in 

terms of yield for the two best experiments is shown in Figure 4.16. Hydrogenation was more 

prominent in case of Pt and it leads towards the formation of undesired hydrogenated product 

namely 3,7-dimethyl octanols. The yield of menthol for 2.0 wt.%Pt/(Beta-25+Bentonite) In-

situ was 13% and for 2.0 wt.%(Ru/Beta-25) +Bentonite menthol was 11%. Based on these 

results, although the yield of menthol was low in case of Ru shaped catalyst, however, it was 

more selective towards menthol than the Pt shaped catalyst. 

 

Figure 4.16: Product distribution of the best-shaped catalysts (Continuous reactor after 150 minutes at 

35 0C and 10 bars of pressure), Abbreviations are the same as mentioned in Figure 4.10 

Comparison of the best catalysts in powder form with different metals on the same acidic 

support under the same reaction conditions in a batch reactor is shown in Figure 4.17.  
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Figure 4.17: Product distribution of best powder catalysts (Batch reactor after 150 minutes at 35 0C 

and 10 bars of pressure), abbreviations are the same as mentioned in Figure 4.10 

It is clear from the product distribution graph in Figure 4.15 that the Pt bifunctional catalyst 

leads towards the formation of undesired hydrogenation products and was less selective towards 

menthol. On the other hand, Ru bifunctional catalyst was more selective toward menthol. 

Similar behavior was also reported by Plöber et al. [4]   

4.4 Effect of acidic support in one-pot synthesis of menthol 

Both Pt and Ru bifunctional catalysts were tested on two different acidic supports to determine 

the influence of support acidity on the overall performance of the catalyst. Beta-25, Beta-150 

and Beta-300 were used as support materials for bifunctional catalysts. Conversion, liquid phase 

mass balance and products distribution are shown in Figures 4.18-4.20. 

 

Figure 4.18: Catalytic conversion of citronellal using Ru-bifunctional catalysts (Batch reactor after 

150 minutes at 35 0C and 10 bars of pressure) 
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Figure 4.19: Mass balance using Ru-bifunctional catalysts (Batch reactor after 150 minutes at 35 0C 

and 10 bars of pressure) 

 

Figure 4.20: Product distribution using Ru-bifunctional catalysts (Batch reactor after 150 minutes at 35 

0C and 10 bars of pressure), abbreviations are the same as mentioned in Figure 4.10 

From Figures 4.18-4.20, the overall conversion was higher in the case of 2.0 wt.% Ru/Beta-150 

under the same reaction conditions for both catalysts. However, the liquid phase mass balance 

was only 48% at the end of the reaction. The loss of mass balance was due to the polymerization 

of the reactant or product molecules. These heavy molecules were stuck inside the pores of the 
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2.5 wt.% Ru/Beta-300 which indicates that weak acidity was more favorable in term of 

selectivity towards menthol (Figure 4.20). 

 

Figure 4.21: Catalytic conversion of citronellal using Pt-bifunctional catalysts (Batch reactor after 150 

minutes at 35 0C and 10 bars of pressure) 

 

Figure 4.22: Liquid phase mass balance using Pt-bifunctional catalysts (Batch reactor after 150 

minutes at 35 0C and 10 bars of pressure) 
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Figure 4.23: Product distribution using Pt-bifunctional catalysts (Batch reactor after 150 minutes at 35 

0C and 10 bars of pressure), abbreviations are the same as mentioned in Figure 4.10 

From Figures 4.21-4.23, Pt bifunctional catalysts were tested under the same reaction 

conditions of 35 0C and 10 bars of pressure. In the case of Pt, lowering the acidity of support 

material caused a decrease in selectivity towards menthol. The low acidity of the support may 

have caused a lower cyclization rate, leading towards the hydrogenation of citronellal such as 

dihydrocitronellal (DHC).  

4.5 Effect of reaction conditions on one-pot synthesis of menthol 

Reaction temperature, pressure and solvent also play an important role to enhance the activity 

and selectivity of the reaction. In this diploma work, the best catalyst (2.5 wt.% Ru/Beta-300) 

was tested at two different total pressures to determine the influence of the pressure on the 

reaction. The reaction temperature 35 0C and cyclohexane was used as a solvent. Catalytic 

conversion, liquid phase mass balance and product distribution for both reactions are shown in 

Figures 4.24-4.26. 
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Figure 4.24: Effect of pressure on conversion using 2.5 wt.% Ru/Beta-300 (Batch reactor after 150 

minutes at 35 0C) 

 

 

Figure 4.25: Effect of pressure on mass balance using 2.5 wt.% Ru/Beta-300 (Batch reactor after 150 

minutes at 35 0C) 
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Figure 4.26: Effect of pressure on products distribution 2.5 wt.% Ru/Beta-300 (Batch reactor after 150 

minutes at 35 0C), abbreviations are the same as mentioned in Figure 4.10 

At 20 bars of pressure, conversion of citronellal was higher than the conversion at 10 bars, but 

selectivity towards menthol was low. Plösser et al. [4] studied that by increasing pressure, the 

solubility of hydrogen in the solvent increases resulting in the formation of undesired 

hydrogenation products. Similar behavior was also observed for 2.5 wt.% Ru/Beta-300 as shown 

in Figure 4.26. Mass balance at 20 bars was only 58%, which indicated the slow rate of 

desorption of products from the catalyst at high pressure.   

All the reactions were performed at 35 0C in cyclohexane as a solvent and the effects of 

temperature and solvent were not studied in detail. A literature review was performed to 

investigate the effects of temperature and solvent on the conversion and selectivity of menthol 

and the results are presented in Table 4.9 

By increasing the temperature, both activity and selectivity of the catalyst increased resulting 

in a higher conversion of citronellal as reported by Plößer et al [4] and Mertens et al. [7]. The 

selectivity towards menthol can also be increased by increasing temperature. Cyclohexane, n-

hexane and 1,4-dioxane were used as solvents and the results were favorable in cyclohexane as 

shown in Table 4.9. 
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Table 4.9: Effect of temperature and solvent on the performance of the reaction 

Catalyst Temperature, 0C Pressure, bars solvent 
Conversion 

(%) 

Selectivity of 

menthol 

(time, min) 

Reference 

2 wt.% 

Ru/Beta-

150 

60 25 n-Hexane 64 33 (180) 

[4] 

80 25 n-Hexane 90 57 (150) 

100 25 n-Hexane 99 71 (60) 

120 25 n-Hexane 99 67 (40) 

100 15 n-Hexane 96 75 (270) 

100 45 n-Hexane 99 62 (40) 

Catalyst Temperature, 0C Pressure, bars Solvent 
Yield of 

menthols,% 

Yield of 

menthol, % 

(Conversion) 

Reference 

2 wt.% 

Pt/Beta-

25 

25 20 1,4-dioxane 80.8 61.2 (99) 

[7] 

50 20 1,4-dioxane 84.4 64.6 (99) 

75 20 1,4-dioxane 92.4 69.5 (99) 

100 20 1,4-dioxane 92.9 70.6 (99) 

80 2 1,4-dioxane 93.8 70.7 (99) 

80 5 1,4-dioxane 93.4 70.8 (99) 

80 10 1,4-dioxane 92.9 70 (99) 

80 20 1,4-dioxane 92.7 69.7 (99) 

80 20 cyclohexane 98.4 76.1 (99) 
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5. Conclusion 

This diploma work presents a study on one of the most promising synthetic routes to produce 

menthol: one-pot transformation of citronellal to menthol. The experiments were performed 

over different platinum and ruthenium bifunctional catalysts in the form of powder and 

extrudates. Catalysts in powdered form were tested in a batch reactor, while shaped catalysts 

were tested in a fixed-bed continuous reactor at 35 0C and 10 bars of total pressure. 

The fresh and spent catalysts were characterized using different techniques to investigate the 

effect of the catalytic properties on their performance. Both fresh and spent catalysts were 

characterized by nitrogen physisorption for the specific surface area and pore volume, Fourier 

transform infrared spectroscopy (FTIR) with pyridine as a probe molecule for Brønsted and 

Lewis acidity, scanning electron microscopy for morphology and elemental composition of 

catalysts. Moreover, the transmission electron microscopy was used to determine the average 

particle size and metal dispersion on the surface of the catalyst. Size exclusion chromatography 

and organic elemental analysis of the spent catalysts were performed to confirm the presence 

of coke and oligomers on the surface of the catalyst and to obtain a more accurate liquid phase 

mass balance. GC and GC-MS analyses were used to analyze the reaction products both 

qualitatively and quantitively. 

The comparison of the shaped platinum and ruthenium catalysts in a continuous fixed-bed 

reactor depicted significant cyclization and hydrogenation activity in the reaction. However, 2 

wt. % Ru/(Beta-25 + Bentonite) yielded the highest amount of menthols (21%) and produced 

only 1% of undesired hydrogenation products. On the other hand, 2 wt.% Pt/(Beta-25 + 

Bentonite) post-situ yielded the highest amount of undesired hydrogenation products (18%) and 

produced only 13% of menthols. Overall, ruthenium-shaped catalysts were less active but more 

selective towards menthols as compared to the platinum-shaped catalyst.  

Bifunctional catalysts in the form of powder were also tested in a batch reactor to investigate 

the role of metal, acidity and hydrogen pressure on the reaction performance. The results of the 

conversion and liquid phase mass balance showed a negligible effect of acidity on the 

performance of the catalyst. The higher acidity resulted in a loss of liquid phase mass balance 

because of the coking and oligomerization as confirmed by size exclusion chromatography. 

However, for the platinum bifunctional catalysts, a mild acidic Pt-catalyst yielded more 

hydrogenation products due to low cyclization activity. High hydrogen pressure was not 

favorable for this reaction as it leads towards the formation of undesired hydrogenation 

products. Overall, 2.5 wt.% Ru/Beta-300 was the best catalyst in terms of conversion, liquid 
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phase mass balance and selectivity towards menthols. In the future, it can be a potential 

candidate as a shaped catalyst to be tested in a continuous fixed-bed reactor.    
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Appendix 

Scanning electron microscopy (SEM) 

 

a 

 

b 

 

c 

 

d 

e  

Figure A.1: a. SEM micrograph for the fresh 2%Ru/(B-25+Bentonite), b. SEM micrograph for the 

fresh 2%(Ru/Bentonite)+B-25, c. SEM micrograph for the fresh 2%Pt/(B-25+Bentonite) Post, d. SEM 

micrograph for the fresh 2%(Pt/Bentonite)+B-25, e. SEM micrograph for the fresh 2%(Pt/B-

25)+Bentonite 
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Transmission electron microscopy 

 

a 

 

b 

Figure A.2: (a)TEM image and (b) average metal particle size histogram for the fresh 2%Ru/(B-

25+Bentonite). 

 

 

a 

 

b 

Figure A.3: (a) TEM image and (b) average metal particle size histogram for the fresh 

2%(Ru/Bentonite)+B-25 

 

 

a 

 

b 

Figure A.4: (a) TEM image and (b) average metal particle size histogram for the fresh 2%Pt/(B-

25+Bentonite) Post 
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a 

 

b 

Figure A.5: (a) TEM image and (b) average metal particle size histogram for the fresh 

2%(Pt/Bentonite)+B-25 

 

 

a 

 

b 

Figure A.6: (a) TEM image and (b) average metal particle size histogram for the fresh 2%(Pt/B-

25)+Bentonite 

 

 

a 

 

b 

Figure A.7: (a) TEM image and (b) average metal particle size histogram for the spent 2.5% Ru/Beta-

300 (Batch reactor, T = 35 0C, P = 10 bars) 
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Size exclusion chromatography 

 

 

Figure A.8: Calibration curve of molecular weight vs time 

Table A.1: Calibration curve table 

 

 

 


