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The study presents the results of research on the process of geraniol (GA) transformation in the presence of natu-
ral minerals: montmorillonite, mironekuton, halloysite and also in the presence of halloysite modified with 0.1 M
water solution of H,SO,. To obtain information on the structure of the used catalysts, instrumental studies were
performed (SEM, XRD, FT-IR, XRE BET). The second part of the research consisted in examining the influence
of individual parameters (temperature, catalyst content, and reaction time) on the course of GA transformation
process. The syntheses were carried out without the application of solvent and under atmospheric pressure. To
determine the most beneficial process conditions, two functions were selected: GA conversion and selectivity of
GA. The proposed method of GA transformation on such minerals: montmorillonite, mironekuton, halloysite, has

not been described in the literature so far.
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INTRODUCTION

The process of isomerization of compounds of na-
tural origin is important for many industrial sectors.
The resulting compounds are valuable intermediates in
perfumery, cosmetics, medicine and even in mechanical
engineering. Catalytic processes running with the par-
ticipation of catalysts showing high activity play today
also an important role, because the use of such catalysts
increases the conversion of the raw material and also it
often causes an increase in the selectivity of the trans-
formation of organic raw material to the main product
of the process® 2.

Geraniol (GA, unsaturated terpene alcohol) found in
many essential oils, including lemon, ginger and lime,
has an intense aroma with a hint of freshness. Natural
geraniol is obtained mainly from pelargonium, and it is
applicable in many fragrance compositions. Moein and
Eng.* examined the chemical composition of 10 samples
of rose water. The essential oils have been extracted and
identified using the GC/MS method. Phenethyl alcohol,
geraniol and B-citronellol was the main ingredient in most
of the samples. Geraniol was present in large amounts
in half of the samples (1-11.67%, 2-3.95%, 3-2.34%,
4-24.01%, 5-12.59%).

GA shows the strongest bactericidal activity, mainly
against Escherichia coli and Salmonella enterica. More-
over, geraniol helps to inhibit the development of pro-
state, liver, skin and intestine cancer cells. Additionally,
geraniol is a compound that can undergo numerous
transformations (Fig. 1, Scheme 1) into valuable com-
pounds used in the industrial production of fragrances,
perfumes, aromas, and therapeutic agents®.

The transformation of GA was the subject of studies
in several research centers. Yu et al.!'> presented the
process of transformation of the GA in which FeCl, X
6H,0O was used as a catalyst. The main products obta-
ined in this process were linalool and o-terpineol. The
process was carried out in the presence of acetonitrile
as a solvent, to which GA was first added and then the
catalyst. The synthesis was carried out for 4 hours at

room temperature. Haese et al. in their publication’
presented studies of the GA transformation process for
geraniol in a pure form and geraniol in a mixture with
nerol. It turned out that the results obtained for pure
geraniol are the same as for geraniol mixture with nerol.
Other scientists presented the transformation of geraniol
under the influence of gamma radiation. The process
involved irradiating of GA-methanol solution to obtain
nerol and linalool. The maximum value of the geraniol
conversion was 30%.

Other studies were carried out with the use of micro-
-and micro-mesoporous BEA-type zeolites. The syntheses
were carried out in the temperature range from 27 to
150 °C for 1-2 hours. It was a solvent-free process, carried
out under nitrogen and argon atmosphere. It turned out
that GA was converted to linalool and nerol, as well as
to (2E, 6E) -6,11-dimethyl-2,6,10-dodecatriene-1-ol and
(trans, trans-farnesol — (2E), 6E)) -3,7,11-trimethyl-
-2,6,10-dodecatrien-1-ol). The conversion obtained for
GA was 99%".

In the work of Tsitsishvili et al.'s, the catalytic trans-
formations of terpene alcohols (geraniol) were used in
the perfume industry on micro- and micro-mesoporous
zeolites of the BEA type. Experiments were performed
using various catalyst/geraniol mass ratios (0.0075-
0.053 g/g), in an inert atmosphere (nitrogen, argon)
and at a temperature of 27 to 150 °C. The analysis of
catalytic transformation products was performed by gas
chromatography — mass spectrometry (GC-MS). Geraniol
conversion, product yield and selectivity were calculated
based on experimental data. The reaction products mainly
contained unreacted trans-geraniol, -linalool, trans,trans-
-farnesol and (2E, 6E)-6,11-dimethyl-2,6,10-dodecatrien-
-1-0l, and small amounts of B-myrcene, D-limonene,
trans-f-ocimene, B-ocimene, o-terpineol, cis-geraniol,
cis-isogeraniol, trans, trans, trans-geranylgeraniol, p- and
m-camphor. It turned out that the method with the ap-
plication so-called “zeolite reactor” can be obtained such
long chain molecules like trans, trans-farnesol and (2E,
6E)-6,11-dimethyl-2,6,10-dodecatrien-1-ol in relatively
low temperature and with increased selectivity to 37
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CITRAL (CIS-, TRANS-)
applications:

- fragrance in the perfume
industry,
- flavor enhancer in the food
industry,

- has antibacterial properties,
- used in the treatment of cancer

[5):

LINALOL

applications:

- fragrance or in the form of linaloolyl
acetate,

- insecticide,

- treatment of leukemia and cervical cancer
[6].

NEROL

applications:

- treatment of acute and chronic
inflammation,

- an aromatherapeutic agent that reduces
stress and improves the functioning of the
endocrine system,

- treatment of epileptic seizures,

- microbiological action against bacteria,
fungi and yeasts,

- treatment of bacterial skin infections,

- supporting the regeneration of skin cells
and scars [7];
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OCIMENE (BETA-, ALLO-, ALPHA-)
applications:

- in the perfume industry,

- show antifungal properties [87].

BETA-PINENE

ilp]’!]iCElliul'l.‘i:

- in cosmetics as a perfume ingredient,
- raw material for obtaining other
fragrances,

- anti-inflammatory, expectorant,
bronchodilator drug,

- in traditional Chinese medicine as an
anti-cancer drug [9].
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applications:
- in the cosmetics and perfumery industry,

- it is used to improve the fragrance of floral perfumes and as

applications:

IZOCEMBROL (THUMBERGOL)

- in the treatment of cancer - shows
neuroprotective properties [11].

an antibacterial additive in cosmetics,
- in the food industry used as a flavoring [10];

Figure 1. Diagram of the main reactions taking place during the transformation of geraniol and a description of the applications of

the main products

and 52%, respectively. In addition, trans,trans-farnesol
attaches one more isoprene unit to the mold long chain
trans, trans, trans-geranylgeraniol molecule that can form
a macrocycle thunbergol C, H;,0.

Fajdek-Bieda et al. studied the GA transformation
process with the use of two natural zeolites: sepiolite'®
and clinoptilolite'”. The tests assessed the influence of
the following parameters: temperature (in the range from
80 to 150 °C), catalyst content (in the range from 5 to
15 wt%) as well as reaction time (in the range from 15
to 1440 minutes). As a result of the process carried out
in the presence of sepiolite, the following products were
obtained: B-pinene (BP), ocimenes (OC), linalool (LO),
nerol (NE), citral (CL), isocembrol (IC) and thumbergol
(TH). The highest selectivity (19 mol%) was obtained
for LO. When clinoptilolite was used, the main products
were 06,11-dimethyl-2,6,10-dodecatrien-1-ol (DC) and
thumbergol (TH). The highest values of the selectivity
of DC (14 mol%) and TH (47 mol%) were obtained at
the temperature of 140 °C for the catalyst content 12.5
wt% and for the reaction time of 180 min.

Aluminosilicates are popular porous materials that are
very often used in catalytic processes'®?. An example
of aluminosilicate is halloysite (HAL) which contains
approx. 45% silica and approx. 40% alumina. The other
ingredients are mainly water and traces of metal oxides,

ie. AL,O;, FeO, MgO, K,0O, CaO, Na,0, and TiO,. HAL
has very small, cylindrical crystals. In addition, it contains
admixtures of chromium, iron, magnesium, nickel and
copper. At the temperature of about 60 °C and with
longer drying, it begins to lose water, which results in
its transformation into metahalloysite - with a chemical
composition identical to kaolinite, but with a different,
disturbed structure*'~*6, HAL present in Polish deposits
is characterized by a specific plate-like structure, with
a predominance of the plate fraction. Due to the specific
layer-and-tube structure, halloysite can be transformed
into an active material that is used in many industries
and environmental protection’”?, HAL has been used as
a sorption agent in the production of insulating mats*,
fertilizers, feed additives®, cosmetic clays¥, coagulants®,
pigments for paints and biofilters**.

Montomrillonite (MMT) is an aluminosilicate, with
a structure consisting of three 2 : 1 layers. Two of them
are tetrahedral sublayers and one is octahedral sublayer,
which are connected by van der Waals forces. Additional-
ly, the space between the layers is filled with both water
and metal cations, including Li*, Na*, Mg?*, Ca** and
APP*. As a result of ion exchange, metal cations can be
substituted with other metal cations, thereby affecting
the properties of MMT. Moreover, the hydrophilic na-
ture of MMT makes it easily susceptible to modification



with both organic and inorganic compounds*’~*%, MMT
is one of the most extensively studied minerals in the
field of heterogeneous catalysis. This is mainly due to
its unique properties, such as very good cation exchange
and adsorption ability®.

Mironekuton (MIR) is a sedimentary rock found in
only one region of Japan, on the island of Honshu.
MIR particles are very porous and have micropores with
a diameter of only 50 nm. These mesopores cause that
MIR has remarkable adsorption properties. MIR mainly
consists of SiO, (55 wt%), Al,O; (13 wt%), CaO (3.6
wt%), MgO (1.6 wt%), sulfur, potassium and oxides,
among others titanium, phosphorus, cobalt, sodium or
manganese. MIR is used in shrimp breeding because
it creates the right conditions for the development of
bacteria in water that support the growth of plants that
produce shrimps. In addition, it stabilizes pH of water,
absorbs harmful substances and odors, and accelerates
the photosynthesis process®.

The minerals described above, due to their unique
properties, have found applications in chemical processes.
Halloysite, as a natural material with a nanotube struc-
ture, has found a number of technological applications,
as a mineral adsorbent (adsorbs toxic substances and
heavy metals), a catalyst carrier, a modifier for rigid
polyurethane-polyisocyanurate (PUR-PIR) foams, a fil-
ler for the modification of polypropylene (PP) and for
reducing the concentration of pollutants in municipal
wastewater*” . Metal-modified montmorillonite plays
a key role in the oxidation of toxic organic pollutants,
such as phenol, substituted phenols and dyes, in aqueous
solutions under mild conditions. This mineral has found
application in the hydrogenation of nitrobenzene to ani-
line as well as in the 1,3-dipolar cycloaddition between
terminal alkynes and azides to obtain highly regioselective
1,4-unsubstituted mono- and bis-1,2,3-triazoles®. In the
case of mironekuton, the use of this mineral in chemical
processes has not been described so far.

This work aimed to develop the most favorable condi-
tions for the preparation of one (or possibly two) products
of geraniol transformation with the use of such catalysts
as MMA, MIR and HAL. We also decided to modity
the surface of HAL by washing with a 0.1 M sulfuric
acid solution, which was to increase the HAL activity
(HAL-MOD was obtained). The first part of this work
was devoted to instrumental tests (XRD, SEM, FT-IR,
XREF) of catalysts used in transformations of geraniol. The
obtained results made it possible fully characterize their
physicochemical properties. The second part of the work
concerns the research on the influence of temperature,
catalyst content and reaction time on the course of the
GA transformation process under atmospheric pressure.
The presented method has many advantages, such as the
use of low reaction temperatures, low catalyst content and
optimally short reaction times. In addition, the synthe-
ses are carried out without the presence of the solvent,
which eliminates the possibility of its reaction with the
GA and its transformation products. Additionally, there
is no need to recover and recycle solvent. Moreover, the
presented solution which uses HAL, HAL-MOD, MMA
and MIR has not been described in the literature so far.
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PRODUCTS OF GERANIOL TRANSFORMATION
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Scheme 1. Products of geraniol transformation in the presence of
selected minerals

MATERIALS AND METHODS
Raw materials
Table 1 presents information on the raw materials used.

Table 1. Raw materials

CHEMICAL
COMPOUND CLEANLINESS BUSINESS/COUNTRY
I o Zebiec S.A., Krakéw,
montmorillonite 100% Poland
halloysite 100% Dunino, Wroctaw, Poland
Newstone International
mironekuton 100% Corporation, Chicago,
USA
geraniol 99 %
linalool 97% Acros Organics, Chicago,
farnesol 96% USA
nerol 97%
citronellol 95%
myrcene technical grade
geranylgeraniol 85% Sigma Aldrich, Chicago,
citral 95% USA
ocimene 90%
betapinene 95%
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Table 2. Instrumental tests of the catalysts

Method Business/Country

Empyrean X-ray difractometer with a Cu Ka radiation source; Malvern Panalytical

X-ray difraction (XRD) Samples were analyzed in the temperature 5-30° with step size of L ’
0.02° ondon, UK
Specifc surface area (SSA), total pore Measurement by nitrogen adsorption at 350 °C using the Quantachrome Instruments
volume (TPV) and micropore volume QUADRASORB evoTM Gas Sorption Surface and Pore Size Chicago, USA ’
(MV) Analyzer; The sample was degassed at 250 °C for 20 h under N2; ’
Element mapping by scanning electron made with ultra-high resolution SEM field emission, secondary JEOL, JSM-6010LA,
microscopy (SEM) and corresponding electron detector was used Elemental analysis was performed Malvern
EDX spectrum of surface using an Epsilon3 spectrometer with X-ray energy dispersion; Panalytical,London, UK
Infrared spectroscopy (FT-IR) analysis carried out in the range of1wavenumbers from 400 to Thermo Nicolet 380
4000 cm™; apparatus, Berlin, Germany

Instrumental studies of catalysts

The following instrumental studies were performed
for each of the catalysts (Table 2).

Method of transformations of geraniol

The syntheses connected with geraniol transformations
in the presence of the tested catalysts were carried out in
a glass reactor with a capacity of 25 cm?®, equipped with
a reflux condenser and a magnetic stirrer with heating
function (Fig. 2). The tested parameters were changed
in the following ranges: temperature 80-150 °C, catalyst
content 5-15 wt%, and reaction time from 15 minutes
to 24 h.
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Figure 2. Scheme of the apparatus for carrying out the synthe-
ses connected with the transformations of geraniol:
1 — reaction mixture, 2 — water outlet, 3 — water inlet,
4 — heating, 5 — round bottom flask, and 6 — reflux
condenser

Analyses of the post-reaction mixtures

To perform a qualitative and quantitative analysis, the
reaction mixture had to be centrifuged and dissolved in
acetone in a weight ratio of 1:3. Qualitative analyzes were
performed using the GC-MS method using the Thermo-
Quest apparatus, which was equipped with a Voyager
detector and a DB-5 column with a phenylmethylsiloxane
packing (30 m x 0.25 mm x 0.5 mm). Analysis parameters
were as follows: helium flow 1 ml/min, sample chamber
temperature 200 °C, detector temperature 250 °C, furnace
temperature - isothermal for 2.5 minutes at 50 °C, then
heating at the rate of 10 °C/ min to 300 °C.

The quantitative analyses of the obtained products were
performed using a Thermo Electron FOCUS chromato-
graph equipped with an FID detector and a TR-FAME
column packed with cyanopropylphenyl (30 m x 0.25
mm x 0.25 mm).

The FID was kept at 250 °C. Two methods were used
to quantify the reaction products in the reaction mixture:

— external standard method using commercially ava-
ilable chemical standards — 8-point calibration curves
were made for each compound in the concentration
range of 0.33 wt.%,

— an internal standardization method.

Mass balances for the syntheses made it possible to
calculate the geraniol conversion (Cyuyio) and the se-
lectivity formation of the various products (S

AMP
sproduct/geramiol = m -100% (1)

product/geraniol) .

where: AMP - the amount of moles of product, AMGC
— the amount of moles of geraniol consumed,

AMGC
Cgeraniol = m
where: AMGC - the amount of moles of geraniol

consumed, AMGIR - the amount of moles of geraniol
introduced into reactor.

-+ 100% (2)

RESULTS AND DISCUSSIONS

Morphology of natural catalysts (MMT, MIR, HAL,
HAL-MOD)

Figure 3 shows the SEM images for all tested cata-
lysts. Montmorillonite (MMT) consists of particles of
irregular shape, 1-10 um (Fig. 3a), which form compact
and heterogeneous aggregates with smaller grains*. The
structure of mironecuton (MIR) is shown in Figure 3b.
Since the mineral was formed mainly by marine organi-
sms, fossilized remains of ancient crustaceans can be seen
in the picture. The above observations have also been
confirmed by other authors involved in MIR structure
analysis®®. SEM images for halloysite — HAL (Fig. 3c)
and its modified structure - HAL MOD (Fig. 3d) are
very similar. They are characterized by different particle
shapes, as well as heterogeneity. Treatment of HAL with
0.1M aqueous solution of sulfuric acid did not significantly
affect the structure of the mineral*. These observations
have also been described by other authors®.

Figure 4 shows the diffraction spectra for MMT, MIR,
HAL and HAL-MOD. The obtained diffractograms for
all minerals are consistent with those described in the
literature®3, MMT shows characteristic diffraction pe-
aks 20 = 21.4, 206 = 26.2, which are characteristic of its
structure (JCPDS card 29-1498). In the MIR spectrum,
a characteristic peak at 2 Theta 20 = 27.2 can be obse-
rved for this mineral. For both HAL and HAL-MOD,
characteristic peaks are seen at 2 Theta angles 20 =
20.2, 26 = 26.7, 20 = 35.0 (JCPDS card 29-1489). The
diffractograms of HAL and HAL-MOD have a similar
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Figure 3. SEM images of montmorillonite (a), mironekuton (b), halloysite (c) and modified halloysite (d) catalysts
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Figure 4. X-ray diffraction data for montmorillonite (a), mironekuton (b), halloysite (c) and modified halloysite (d) catalysts

pattern and are consistent with the spectra obtained by
other authors™.

The infrared spectrum for MMT (Fig. 5a) shows the
absorption bands at 912 cm™ connected with the Al-O
bending vibrations, while bands at 536, 470 and 430
cm™! represent the Al-O-Si skeletal vibrations. Bending
vibrations of Si O are represented by bands at 1114-1006
cm™, and tensile vibrations at 796 and 694 cm™. The

absorption band at 1627 cm™ represents the OH ben-
ding vibration. Bands at 3441 and 3410 ¢cm™ indicate
the presence of an outer surface stretching -OH. The
spectrum obtained is consistent with the literature data®.

The FTIR spectrum of the MIR is shown in Figu-
re 5b. The characteristic bands occurring at 3448 cm™
and 1635 cm™ correspond to OH stretching vibrations
and bending vibrations of hydroxyl groups from water
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molecules. The band at 1000 cm™ belongs to metal-
-oxygen vibrations. The presence of the above bands is
confirmed by literature reports®.

The infrared spectra (Fig. 5 c-d) for Hal and HAL-
-MOD samples show the vibration bands at 3697 and 3620
cm™ which are assigned to two ALLOH groups (each OH
group is connected to two Al atoms). Moreover, there
are visible bands at 3670 cm™ and 3651 cm™ which are
attributed to the stretching vibrations of the OH group,
the band at 1648 cm™ which corresponds to strongly
bending vibrations of adsorbed water, the band at 1107
cm™ which is assigned to the presence of the Si-O group,
bands at 1030 and 691 cm™ which are responsible for
stretching vibrations of the Si-O-Si groups, bands at 940
and 914 cm™ which are caused by deformation of the
OH groups on the inner surface, and bands at 794 and
750 cm™ which can be attributed to the translational
vibrations of the OH group. The spectra obtained are
consistent with the literature data’®.

The specific surface area (BET) was determined using
the Brunauer-Emmett-Teller (BET) equation. The volume
of micropores (Vmicrop.) was determined by the DFT
model, and the total pore volume (Vpor) was calculated
from the volume of nitrogen adsorbed at the pressure p/
po. The values of these parameters for the tested catalysts
are presented in Table 3. MMT has the highest surface
area — 403 m%/g, followed by HAL 132 m%g, HAL-MOD
66 m%g and MIR 26 m%g. Despite the smallest BET

surface area, MIR has the largest total pore volume,
which is 0.657 cm®/g. For the remaining catalysts, the

Table 3. Properties surfaces of the tested materials

BET V por V microp.
Catalyst [m%/g] [cm/g] [cm’/g]
MMT 403 0.213 0.145
MIR 26 0.657 0.859
HAL 132 0.232 0.027
HAL-MOD 66 0.192 0.002

values of the total pore volume are very similar. The
micropore volume values can be represented in the
following order: MIR> MMT> HAL> HAL-MOD.

Figure 6 (a—d) shows the maps of the elements con-
tained in the tested samples. In the case of MMT the
presence of seven main components (aluminum, copper,
iron, potassium, magnesium, oxygen and silicon) was
determined. Figure 6b shows the composition of MIR
for which the presence of ten elements was identified:
aluminum, carbon, calcium, iron, potassium, magnesium,
sodium, oxygen, sulfur, and silicon. On the HAL and
HAL-MOD surfaces, the presence of five main elements
was identified: oxygen, aluminum, silicon, iron and tita-
nium. In all cases, an even distribution of elements on
the surfaces of the catalysts is visible.

The results of the elemental analysis for the tested
catalysts are summarized in Table 4 and Figure 7 a—d. In
the case of MMT, the highest concentration was obtained
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Figure 5. The FT-IR spectra of montmorillonite (a), mironekuton (b), halloysite (c) and modified halloysite (d) catalysts

Table 4. Results of EDXRF analysis

Element MMT MIR HAL HAL-MOD
o Mass % 49.45 46.23 40.10 48.33
Atom % 63.76 56.90 59.54 64.07
Mg Mass % 0.89 1.15 — —
Atom % 0.76 0.93 — —
Al Mass % 6.03 6.61 16.40 18.14
Atom % 4.61 4.83 14.44 14.26
Si Mass % 39.78 27.77 17.57 23.56
Atom % 29.22 19.47 14.86 17.80
K Mass % 1.29 1.72 — —
Atom % 0.68 0.87 — —
T Mass % 0.55 - 1.35 1.95
Atom % 0.24 — 0.97 0.60
Fe Mass % 2.01 4.44 23.97 8.61
Atom % 0.74 1.56 10.20 3.27
Na Ao % - o6z - -
om % — . — —
Mass % — 0.62 — —
S Atom % — 0.38 — —
Ca Mass % — 2.75 — —
Atom % — 1.35 — —
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Figure 6. Element maps for montmorillonite (a), mironekuton (b), halloysite (c) and modified halloysite (d) catalysts



54 Pol. J. Chem. Tech., Vol. 25, No. 1, 2023

for O (49.45 mass%), then for Si (39.78 mass%) and Al
(6.03 mass%). Moreover, the content of such elements
as Mg, K, Ti and Fe was found. In the case of MIR, the
same as for MMT, the highest contents were obtained
for O, Si and Al In the structure of this catalyst, the
presence of such elements as Mg, K, Fe, Na, S, Ca was
also confirmed. The presence of some of them is related
to the impurities found in this mineral. In the case of the
other two catalysts, HAL and HAL-MOD, an increase
in the content of O from 40.10 mass% (HAL) to 48.33
mass% (HAL-MOD) is visible. A similar increase can
be seen for elements such as silicon (from 17.57 mass%
to 23.56 mass%) and aluminum (from 16.40 mass% to
18.14 mass%). On the other hand, activation with sul-
furic acid causes a significant decrease in iron content
(HAL 23.92 mass% Fe, HAL-MOD 8.61 mass% Fe),
which is related to the decrease in hematite content in
the catalyst sample after activation. The obtained results
for both catalysts are similar to those obtained by other
authors>® 5% %,

The influence of temperature on GA transformation

As the first parameter, the influence of temperature
on the course of the GA transformation process was
investigated. The temperature was tested in the range
from 50 to 150 °C. The initial parameters were: catalyst
content 5 wt% and reaction time 3 h.

Table 5 shows the effect of temperature on the GA
conversion function for each of the catalysts tested.
When the process is carried out in the presence of
MMT, the GA conversion function tends to increase.
Initially, it is about 80 mol% at 50 °C, then increases
to about 99 mol% at 80 °C. Beyond this temperature,
chromatographic analysis showed the presence of only
polymerization products (Fig. 8a). With MIR, GA co-
nversion increases from about 63 mol% (80 °C) to about
100 mol% (110 °C). In the higher temperature ranges,
the function remains constant, but above 150 °C, only
polymerization products are formed, making it difficult
to analyze a given synthesis. In the case of HAL, the
lowest GA conversion value was obtained at 80 °C, equal
to about 53 mol%. When the temperature is increased,
the GA conversion value increases to about 99 mol% (in
the temperature range from 90 to 150 °C) (Fig. 8b). For
HAL-MOD, GA conversion values increase from about
85 mol% (50 °C) to about 99 mol% (80 °C). The acid
activation of HAL caused an increase in the content of
Ti active sites, resulting in high GA conversion values
already at 50 °C. At higher temperatures, a large number
of polymerization products are formed, which prevents
detailed analysis of the process.

When HAL was used in the process, the main products
were DC, TH and NE. The highest values of their selec-
tivity were obtained for TH at about 18 mol% (100 °C),
DC 8 mol% (90 °C) and NE 3 mol% (90 °C). Other
isomerization products were formed in small amounts

Table 5. The influence of temperature on the conversion of GA
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Figure 7. The XRF spectra of montmorillonite (a), mironekuton
(b), halloysite (c) and modified halloysite (d) catalysts

(Fig. 8c). In the case of HAL-MOD, only one BP
product with a selectivity of about 35 mol% is formed
in the low temperature range. Only at 80 °C other pro-
ducts formation observed: LO, NE, DC and TH. Above
120 °C, only polymerization products were formed (Fig.
8d). The high activity of HAL-MOD in BP formation
can be explained by the effect achieved by modifying
the structure of this mineral. Acid activation using
inorganic acids (in this case HCl), which in addition to
increasing the specific surface area, increases the poro-
sity and adsorption capacity of the mineral and removes
impurities. Most likely, BP molecules are formed on the
catalyst surface, on which Ti active centers are located.
On the surface, the geraniol molecule transforms from

. o Temperature (°C)
Conversion of GA (mol%) 50 60 70 80 90 | 100 | 110 | 120 | 130 | 140 | 150
MMT 80.43 81.52 86.20 99.29 polymerization products
MIR 62.98 64.38 64.18 99.58 99.71 99.56 polymerization products
HAL - - - 52.80 99.43 99.26 98.64 | 98.97 | 9869 | 98.85 | 98.90
HAL-MOD 84.60 84.39 91.98 99.13 polymerization products
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Figure 8. The influence of temperature on the selectivities of the appropriate products over (a) MMT, (b) MIR, (c) HAL and (d)

HAL-MOD as the catalyst

linear to monocyclic as a result of dehydration, which
occurs on the Ti active centers. This indicates that the
cyclic structure with 10 carbon atoms is more preferred
in HAL-MOD pores than the linear one.

During catalytic tests, the following the most favorable
temperatures were selected: for MMT 80 °C, for MIR
110 °C, for HAL 90 °C and for HAL-MOD 80 °C.

The influence of catalyst content on geraniol isomeri-
zation

In the next stage, the influence of the catalyst content,
ranging from 1.0 wt% to 15.0 wt%, on the course of GA
transformation in the presence of MMT, MIR, HAL and
HAL-MOD was examined.

When the process is carried out in the presence of
MMT, the GA conversion is kept practically at a constant
level of about 99-100 mol% in the entire range of the
tested catalyst content (Table 6). The highest GA conver-
sion values, about 100 mol%, in the case of MIR were
obtained for catalyst contents of 2.5 and 5.0 wt%. As the
amount of catalyst increases, the function values drop

to about 82 mol%. The highest GA conversion values
were obtained for HAL of about 99 mol% using 10.0
wt%. catalyst. In the catalyst content range of 2.5-5.0
wt%, the function remained at the level of approx. 75
mol%, and then after exceeding the catalyst content to
10.0 wt%, its values began to drop to 76 mol% (15.0
wt%). The conversion of geraniol in the case of using the
modified halloysite is practically constant and amounts
to approximately 98-99 mol% in the entire range of the
tested catalyst content.

Figure 9 shows the selectivity values of products formed
during the geraniol transformation process in the presence
of the described catalysts. In the presence of MMT, the
products with the highest selectivity values are formed
in the range of low catalyst content. The highest values
for all formed compounds were obtained at the catalyst
content of 1.0 wt% (LO — approx. 36 mol%, DC approx.
27 mol%, TH approx. 28 mol%). As the amount of cata-
lyst increases, their values decrease (Fig. 9a). Figure 9b
shows the courses of product selectivity resulting from
the process carried out in the presence of MIR. As can

Table 6. The influence of the catalyst content on the GA conversion

. Catalyst content (wt%)
Conversion of GA (mol%) 10 55 50 75 10.0
MMT 84.99 99.62 99.58 83.53 81.74
MIR 99.81 99.87 99.29 99.63 99.70
Conversion of GA (mol%) 2.5 5.0 10.0 12.5 15.0
HAL 74.94 75.75 99.43 80.67 76.54
HAL-MOD 97.65 97.16 99.13 99.38 99.81
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be seen, when the process is carried out at a low catalyst
concentration, i.e., 1.0 wt%, the selectivity of the products
is low. The highest DC selectivity values (approx. 44
mol%) are obtained for the catalyst content of 2.5 wt%),
and at higher content, its values slightly decrease. The
second formed compound is TH, for which the highest
values (selectivity approx. 36 mol%) were obtained at
5.0 wt% of the catalyst content. In the range of higher
catalyst contents, small amounts of NE are formed. As
the catalyst content — HAL - increases, the amount of
products formed increases. Their highest amount can
be observed at the catalyst content of 10.0 wt%. At this
content, TH is formed with the highest selectivity of 14
mol%, followed by DC 8 mol% and NE and LO with
similar values. Once the catalyst content exceeds 10 wt%,
a sharp decrease in the values of the above-mentioned
products is evident, or even their absence (Fig. 9¢). Run-
ning the process in the presence of modified halloysite,
the highest selectivity is obtained for BP, about 60 mol%
at the catalyst content of 5 wt% (Fig. 9d). Below this
content, the function values are in the range of about
35-37 mol%, while above this the values of this function
drop to about 30 mol%. The selectivity values for co-
nversion to DC and TH decrease over the entire range
of contents tested: for DC from 24 mol% (1 wt%) to
2 mol% (10 wt%), for TH from 33 mol% (1 wt%) to
5 mol% (10 wt%). Due to the little-developed specific
surface area, it can be assumed that the reaction in the
presence of HAL-MOD as the catalyst takes place on its
surface. The large accumulation of active centers in the
form of Ti can lead to dehydration of geraniol molecu-
les, resulting in compounds containing 10 carbon atoms.
The high selectivity of the transformation towards BP
may indicate that the formation of the cyclic structure
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is more favored than the formation of compounds with
a linear structure.

The most preferred catalyst content for carrying out
the GA transformation process was: 1 wt% for MMT,
10 wt% for MIR and HAL, and 5 wt% for HAL-MOD.

The influence of reaction time on geraniol isomerization

The influence of reaction time on the course of GA
transformation was investigated in the range from 15
min to 24 hours. The remaining parameters (temperature
and reaction time) corresponded to the values previously
determined as the most favorable.

Table 7 shows the changes in the GA conversion func-
tion. In the case of MMT, the conversion slowly increases
from about 80 mol% (15 min) to about 100 mol% (180
min) during short reaction times, and then remains at
about the same level. When the process is carried out
in the presence of MIR, GA conversion remains high
at about 97-100 mol% between 15 and 180 minutes.
Beyond this time, its values drop to about 72 mol%. In
the case of HAL, conversion values increase until 240
minutes and then remain constant at 100 mol%. The
situation is different in the case of HAL-MOD, where the
conversion of geraniol remains constant over the entire
range of reaction times studied, only at longer reaction
times oligomerization and polymerization reactions occur.

The selectivity of the conversion to reaction products
for MIR is shown in Figure 10b. It is visible that in
the initial times of exactly 60 minutes, no products are
formed in the process. Only when the process takes 120
minutes and longer the reaction products appear: two
dominant ones (DC, TH) and those produced in small
amounts (BP, LO, NE). As the reaction time lengthened,
the amounts of fragmentation and cyclization products
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Figure 9. The influence of catalyst content on the selectivities of the appropriate products over (a) MMT, (b) MIR, (C) HAL and

(d) HAL-MOD as the catalyst
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Table 7. The influence of the reaction time on the conversion of GA

Conversion of geraniol Reaction time (min)
(mol%) 15 30 60 120 180 240 300 360 1440
MMT 79.66 86.14 87.90 92.53 99.81 96.74 97.11 97.05 98.37
MIR 96.37 96.03 96.92 97.00 99.62 75.40 73.03 71.54 71.64
HAL 66.09 66.92 67.32 99.74 99.43 100.00 100.00 100.00 100.00
HAL-MOD 99.53 99.55 99.57 99.59 99.13 - - - -

decreased, and additionally, other reaction products were
formed. When the transformation process was carried out
in the presence of MMT, three products (LO, DC, TH)
were formed. The function flows are similar for all pro-
ducts. In the initial stage, they increase, then reach their
maximum, and then decrease. This maximum for most
compounds occurs within 120-130 minutes (LO- about
41 mol%, DC - 29 mol%, TH - 29 mol%) (Fig. 10a).
In the case of HAL, few products are formed in the
short reaction times, while a significant increase can be
seen when the reaction takes more than 2 hours. Then
the selectivity for TH is about 34 mol%, DC 17 mol%,
while other products are produced only in insignificant
amounts. Along with the extension of the reaction time,
the amounts of the products formed significantly decrease
and in the range of 240-1440 min they are practically
constant. In the case of HAL-MOD (Fig. 10d), when
the process is carried out in a short reaction time of 15
minutes, only BP has formed with a selectivity of approx.
80 mol%. As the reaction time lengthens, other products
begin to appear, such as LO, NE, DC and TH, but in
much smaller amounts. When the process takes three
hours, the selectivity of BP drops while the selectivities

of the remaining products are significantly increased.
Due to the prolonged reaction time, the analysis of the
post-reaction mixture is impossible due to the large
amounts of polymerization products produced.

Taking into account the results obtained, the following
were chosen as the most favorable reaction times, for
the individual catalysts: for MMT, MIR and HAL 120
min, and for HAL-MOD - 15 min.

CONCLUSIONS

As a result of the research, it turned out that each of
the tested minerals MMT, MIR, HAL as well as HAL-
-MOD are active catalysts in the GA transformation
process. Additionally, it can be noticed that each of the
tested parameters: temperature, catalyst concentration
and reaction time have a significant impact on the GA
conversion values and the selectivity of the transformation
to individual products. Table 8 shows the most favorable
conditions for the GA transformation process.

The study showed that conducting syntheses at higher
temperature ranges, with higher catalyst concentrations
and using long reaction times resulted in the formation
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Table 8. Summary of the most favorable conditions for the GA transformation process for selected catalysts and the obtained co-

nversion selectivity values for individual products

MMT MIR HAL HAL-MOD
Temperature (°C) 80 110 90 80
Catalyst content
(Wt%) 1 10 10 5
Reaction time (min) 120 120 120 15

The obtained
selectivity values of
the transformation to
individual reaction

Sio = 41.08 mol%
Soc = 28.11 mol%
St =28.95 mol%

Soc = 47.32 mol%
St = 36.15 mol%

Spc = 17.10 mol%
STH = 33.87 mol%

Sgp = 78.26 mol%

products

of polymerization products or products undesirable in
the process, which adversely affected the overall analy-
tical performance of the process. Overall, comparing the
results for the different catalysts, we found that despite
the small BET surface area, HAL-MOD obtained the
most favorable (low temperature, catalyst concentration
and short time) conditions for the GA transformation
process. Equally favorable conditions were obtained for
MMT, which may be due to its strongly developed BET
surface area and relatively large Vpor. MIR is charac-
terized by a very small BET surface area, while a large
Vpor and Vmicrop. which definitely influenced the
results obtained. HAL is characterized by a moderately
developed BET surface area, as in the case of Vpor and
Vmicrop. In conclusion, the conducted research showed
that each of the studied parameters significantly affects
the results obtained in the transformation of geraniol.
Both the structure and morphology of the minerals used
have a significant impact on the resulting products. HAL
attenuation with hydrochloric acid undoubtedly influen-
ced the results obtained. Due to the undeveloped specific
surface area, it can be assumed that the reaction in the
presence of HAL-MOD as a catalyst takes place on its
surface. A large accumulation of Ti active centers can
lead to dehydration of geraniol molecules, resulting in
compounds containing 10 carbon atoms. In addition,
a great advantage of the presented method is the ab-
sence of solvent in the reaction medium, the presence
of which could cause additional reactions with GA and
consequently lead to the formation of more products.

In the future, new research directions on the process
of isomerization of geraniol may involve the use of
other porous materials of natural origin. Other rese-
arch directions on this process may include increasing
the pressure (pressure process using an autoclave with
a Teflon liner) and determining the optimal solvent. Also
worth considering is the topic of process optimization
using the Responce Surface Methodology (RSM), which
could be helpful in providing a more accurate description
of this process.
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