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Introduction

Utilisation of natural compounds for chemical transform-
ations to obtain biologically active compounds has become
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Oxidation of a wood extractive betulin to
biologically active oxo-derivatives using supported
gold catalysts¥
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Betulin (90-94%) was extracted from birch with a non-polar solvent and recrystallized from 2-propanol.
Liquid-phase oxidation of betulin aimed at obtaining its biologically active oxo-derivatives (betulone,
betulonic and betulinic aldehydes), exhibiting e.g. antitumor, anti-inflammatory, antiparasitic, anticancer
and anti-HIV properties, was demonstrated for the first time over gold-based catalysts. Gold was de-
posited on pristine TiO, and the same support modified with ceria and lanthana, followed by pretreatment
with a H, or O, atmosphere. The catalysts were characterized by XRD, BET, ICP, TEM, XPS, DRIFT CO,
TPD of NHz and CO, methods. The nature of the support, type of modification and the pretreatment
atmosphere through the metal-support interactions significantly influenced the average particle size of
gold, its distribution and the electronic state of gold, as well as the acid—base properties and, thereby, the
catalytic performance (activity and selectivity) in betulin oxidation. Au/La,Os/TiO, pretreated in H, dis-
played the highest catalytic activity in betulin oxidation among the studied catalysts with selectivities to
betulone, betulonic and betulinic aldehydes of 42, 32 and 27%, respectively, at 69% conversion. Side reac-
tions resulting in oligomerization/polymerization products occurred on the catalyst surface with the par-
ticipation of strong acid sites, diminishing the yield of the desired compounds. The latter was improved by
adding hydrotalcite with the basic properties to the reaction mixture containing the catalyst. Kinetic mod-
elling through numerical data fitting was performed to quantify the impact of such side reactions and
determine the values of rate constants.

one of the promising and actively developing areas of
fine organic synthesis and pharmaceutical chemistry.
Triterpenoids are a class of compounds that combine accessi-
bility, i.e., availability in nature and easiness of isolation, with
valuable biological activity. Betulin (lup-20 (29)-ene-3, 28-diol,
C30Hs500,, CAS: 473-98-3) — a pentacyclic triterpenoid of the
lupane series, is found in almost two dozen plants belonging
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to different genera and families, wherein the main source of
betulin is birch bark with the content varying from 10 to 35%.
The methods of betulin extraction from birch bark are widely
reported in the literature including extraction of the bark outer
layer using various solvents, bark alkaline hydrolysis followed
by ethanol extraction of betulin, “explosive” autohydrolysis,
etc."® Betulin and especially its oxo-derivatives (betulone,
betulinic and betulonic aldehydes, and betulinic and betulonic
acids) have valuable biologically active properties, and are of
exceptional interest for the pharmaceutical, cosmetic and food
industries.®® For example, betulinic acid and its derivatives
exhibit anti-cancer, anti-HIV, antiviral, anti-inflammatory, anti-

This journal is © The Royal Society of Chemistry 2019


www.rsc.li/greenchem
http://orcid.org/0000-0002-5150-6787
http://orcid.org/0000-0002-2842-2542
http://orcid.org/0000-0001-9913-4671
http://orcid.org/0000-0003-0929-3535
http://orcid.org/0000-0002-9034-4733
http://orcid.org/0000-0003-0788-2643
http://crossmark.crossref.org/dialog/?doi=10.1039/c9gc00949c&domain=pdf&date_stamp=2019-06-11
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9gc00949c
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC021012

Open Access Article. Published on 14 May 2019. Downloaded on 10/17/2025 4:22:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

septic, antimicrobial, anti-malarial, anti-leishmaniasis, anthel-
mintic and fungicidal activities, while betulonic acid shows
pronounced anti-inflammatory, antimelanoma and antiviral
effects. Antiviral and anti-leukemic activities have also been
reported for betulonic aldehyde, which is, moreover, active
against diseases of the liver and the digestive tract and dis-
orders of reproductive function. The 3-oxo derivative of betulin
- betulone and its derivatives, exhibiting antitumor, anti-
inflammatory, aniparasitic, and anti-HIV properties, also
demonstrate in vitro cytotoxic activity against different cancer
cell lines.'®? Recent studies indicate a clear demand for betu-
lone as a building block for creating effective anticancer
agents with minimal side effects.”* >

Currently, the main method of synthesis of betulin oxo-
derivatives is its oxidation. The work of Csuk et al.>* described
the formation of betulinic acid via betulinic aldehyde by oxi-
dation of betulin with a mixture comprising TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl )-NaClO,-NaOCl at 35 °C with
92% yield. Synthesis of betulinic acid from betulin can be
carried out in one stage using butyl acetate with 4-acetamido-
TEMPO and Bu,NBr-H,O as oxidants in an aqueous solution
of NaClO, and NaOClI at 50 °C, regulating the pH with phos-
phate buffer. Methods of obtaining betulinic acid and betuli-
nic aldehyde by betulin oxidation with chromium oxide(vi),
chlorochromate or pyridinium dichromate fixed on a solid
silica gel or alumina have also been reported. Betulinic acid
was synthesized by the oxidation of betulinic aldehyde with
potassium permanganate.”* A method for selective oxidation
of betulin with pyridinium dichromate (PDC), pyridinium
chlorochromate (PCC) or K,Cr,0,-9 M H,SO, in the presence
of tetrabutylammonium bromide (TBAB) to betulinic aldehyde,
or its mixture with betulonic aldehyde and ketol was developed
by Komissarov et al.>®> The yield of oxidation products did not
exceed 75%. The method of obtaining betulonic acid by oxi-
dation of betulin, in the first step with the Jones reagent in
acetone, should also be mentioned.?®*” Alternatives include
application of the pyridine dichromate complex and acetic
anhydride in dimethylformamide,*® and chromium(vi) oxide
in acetic acid, followed by reduction to betulinic acid.*® Two-
stage methods for the synthesis of betulinic acid have signifi-
cant shortcomings. The low solubility of betulin in acetic acid,
acetone and methylene chloride and of betulonic acid and its
salts in alcohols, tetrahydrofuran and water, imposes several
limitations, preventing oxidation and reduction and, thus,
resulting in poor yields and purity. In the majority of the pro-
posed oxidation methods, highly toxic Cr(vi) is used. Moreover,
separation of the products containing toxic Cr(u) ions is very
laborious and time consuming.

In addition to chemical modifications, attempts to trans-
form betulin using microorganisms were carried out, mainly
for the synthesis of betulone."®**"** However, such betulin bio-
transformation processes using conditionally pathogenic
yeasts, fungi, etc. have significant drawbacks, requiring
complex nutrient media, long duration, and low concentration
levels of products as the biocatalyst might not tolerate higher
concentrations.

This journal is © The Royal Society of Chemistry 2019
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Recently,***> some of the authors of this work demon-
strated for the first time the possibility to selectively oxidize
betulin to betulinic aldehyde using Ru/C as a catalyst mixed
with the basic hydrotalcite and SiO, as a dehydrating agent at
108 °C in toluene, with air as an oxidant. Under these con-
ditions, the conversion of betulin after 24 hours was 41% with
67% selectivity to betulinic aldehyde, whereas without the
addition of SiO,, the conversion and selectivity were 20% and
66%, respectively. A higher conversion was achieved when the
reaction was carried out in an acidic medium, giving, however,
allobetulin as the main product. It was found that the presence
of a basic agent and elimination of water are crucial for selec-
tive oxidation of betulin to betulinic aldehyde on Ru catalysts.
Selective oxidation of betulin to betulone has also been
reported using silver supported on unmodified titania and
modified with ceria under mild conditions, e.g. atmospheric
pressure, relatively low temperature (140 °C), synthetic air as
an oxidant, and mesitylene as the solvent. Conversion of
betulin over a Ag/CeO,/TiO, catalyst reached 27% after
6 hours, which was substantially larger than 11% obtained for
Ag/TiO,. In all cases the main product was betulone with the
selectivity exceeding 60%.

Based on the analysis of published studies on betulin oxi-
dation, it is obvious that currently there are no economically
and ecologically acceptable methods for producing oxo-betulin
derivatives. Such methods based on heterogeneous catalysis
should replace the existing stoichiometric processes which
lead to the formation of large amounts of toxic waste, being
able to provide preferably a quantitative yield of the desired
product. In the present work, the possibility of heterogeneous
catalytic oxidation of betulin with synthetic air, using catalysts
based on gold nanoparticles supported on unmodified and
modified titania, will be demonstrated for the first time. Some
of these catalysts have been synthesized before and used for
oxidation of octanol®” which has, however, chemical and
physical properties different from those for betulin. No reports
on betulin oxidation over gold catalysts are available in the lit-
erature; thus it was interesting to explore the possibility of
their utilization for a much more complex case than oxidation
of octanol.

The aim of the present study is thus to evaluate the applica-
bility of gold-based catalysts in the liquid phase selective oxi-
dation of betulin, to elucidate the influence of the support and
nature of the additives, and the impact of redox pretreatment
on catalytic properties.

Moreover, a comparative analysis of the catalytic properties
of ruthenium, silver and gold catalysts in betulin oxidation
was performed showing that the latter ones are more active
and stable.

Results and discussion

XRD was used to study the phase composition of the investi-
gated catalysts (ESI Fig. S1t). The XRD patterns showed the
absence of the reflections characteristic of gold and modifiers,
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indicating small sizes of gold and metal oxide particles (lower
than the sensitivity XRD threshold of 3-4 nm) or their X-ray
amorphous structure.

Table 1 shows the specific surface area of supports and cat-
alysts (Sper), the Au content and gold particle size data. The
surface area of pristine TiO, was diminished by 13% after
modification (48 m> g~') with both modifiers. Further gold
deposition did not significantly change the specific surface
area of the supports, except Au/La,03/TiO,, for which there
was a noticeable decrease by 10% (Table 1). ICP analysis
showed that Au contents were close to the nominal ones.

The average size of gold nanoparticles is lower than 3 nm
for most of the studied materials, except Au/TiO,_pO,
(Table 1). The largest size of gold nanoparticles and the broad-
est distribution were observed in the case of gold supported on
unmodified titania (ESI Fig. S2t). In contrast, for La-modified
materials, the size of Au particles and the range of their
distribution are the smallest. These values for Ce-modified
materials were in between those for other catalysts. In addition
to the nature of the support, the pretreatment atmosphere (H,
or O,) also affects the uniformity of particles and their relative
size. At the same time, the impact of pretreatment depends
also on the support. For unmodified and lanthana-modified
materials, smaller particles were obtained after pretreatment
in H, (300 °C), and for ceria-modified materials after pretreat-
ment in O, (300 °C). These effects can be attributed to the
specificity of gold interactions with different supports during
catalyst preparation, as previously confirmed,*® and to the
different nature of the gold precursor decomposition under
reducing and oxidizing pretreatments, previously revealed by
TPR.?” It should also be taken into account that a certain frac-
tion of gold is in the form of highly dispersed oxidized gold
species, which are quite difficult to be detected by electron
microscopy because of the lower contrast of oxidized species
compared to that of the reduced ones. The presence of such
oxidized species was previously validated by TPR.?” Moreover,
gold in the ionic state (Au” or Au®") not detected by TEM
could still be present, according to DRIFT CO and XPS (Fig. 1
and Table 2). The amount of these gold species (ionic
and oxidized gold species) depends on the support and
pretreatment.

View Article Online
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Table 2 shows the relative atomic concentrations of various
electronic states of gold, calculated according to XPS. As can
be seen, the relative values of different gold states depend
strongly on the support and pretreatment conditions. On the
surface of all studied catalysts, most of the gold (68-89%) is in
a metallic state with BE(Au 4f,/,) in the range of 84.2-84.3 eV,
but also a part of gold (11-20%) is in the form of singly
charged ions (Au") with BE(Au 4f,,) in the range of 85.2-85.5
eV. In the case of unmodified and Ce-modified samples pre-
treated in H,, another state related to three-charged gold
(Au**) with BE(Au 4f,,,) equal to 86.5 and 86.3 eV appears in
the XPS spectrum (11 and 12%, respectively). These data
confirm that the formation of the active surface on different
supports, under the action of various pretreatments, occurs
differently, and is in good agreement with TEM (Table 1).

For a more detailed study of the electronic state of gold in
the investigated catalysts, and also as for the evaluation of the
strength and stability of the adsorption centers, DRIFT spec-
troscopy of adsorbed CO was applied. CO adsorption was
carried out at different pressures: 5, 20, and 50 Torr, making it
possible to evaluate the strength of the centers. Pure supports
did not exhibit bands of adsorbed CO in this region of the
spectrum under the studied conditions. From Fig. 1, it can be
concluded that for all catalysts, regardless of the pretreatment,
one absorption band with the maximum in the range of
2100-2120 cm ™", attributed to the surface carbonyl groups of
gold atoms Au’-CO,*® was observed. The intensity of this band
increased with increasing CO pressure. Differences in the
signal positions are caused by CO adsorption on the metal
clusters of different sizes, and bands with a low-frequency are
associated with larger nanoparticles. CO starts to adsorb on
larger gold clusters as the pressure increases. Moreover,
carbon monoxide is very weakly adsorbed on metallic gold
because of some features of o-r binding in M°-CO for Au, in
comparison with other noble metals (Pt, Pd, Ru, Rh, and
Cu).*® Only highly dispersed gold clusters or atoms can be
sites for CO adsorption. This explains the different intensities
of the absorption bands corresponding to Au’-CO at a CO
pressure of 50 Torr. Subsequently, it can be assumed that
there are larger particles in Au/TiO,_pH,, Au/CeO,/TiO,_pH,,
Au/Ce0,/TiO,_pO,, and especially Au/La,0;/TiO, pO, -cata-

Table 1 Textural properties of supports and catalysts, analytical contents of Au, dispersion and the average particle size of gold

Sample Sper“, m>g~" Au content wt.% by ICP* Au average nanoparticle size, nm Dispersion, %
TiO, 55 — —

La,05/TiO, 48 — —

CeO,/TiO, 48 — —

Hydrotalcite 43 — —

Au/TiO,_pH, 50 4.0 2.9 34
Au/TiO,_pO, 50 4.0 3.3 30
Au/CeO,/TiO,_pH, 46 4.1 2.8 36
Au/Ce0,/TiO,_pO, 46 4.1 2.4 42
Au/La,03/TiO,_pH, 43 3.3 2.6 38
Au/La,05/TiO,_pO, 43 3.3 2.7 37

“Data from ref. 37.
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Fig. 1 DRIFT spectra of CO adsorbed on catalysts pretreated at 300 °C for 1 h under a H, or O, atmosphere. The spectra of adsorbed CO were

recorded at different CO pressures — 5, 20, and 50 Torr.

Table 2 Electron states of Au calculated according to XPS for the
studied catalysts

Au(® *1 o7 *3) content in the samples,

%
Sample Au’ Au’ Au**
Au/TiO,_pH, “ 74 15 11
Au/TiO,_pO, * 89 11 0
Au/CeO,/TiO,_pH, 68 20 12
Au/Ce0,/TiO,_pO, 83 11 6
Au/La,0,/TiO,_pH, 81 19 0
Au/La,0,/TiO,_pO,* 83 17 0

“Data from ref. 37.

This journal is © The Royal Society of Chemistry 2019

lysts, which were not taken into account when analyzing TEM
images because of their relatively low abundance. In our pre-
vious study,’® there was a similar discrepancy between the
average particle size obtained by TEM and SR-XRD. The
average particle size of gold obtained from SR-XRD was in
good agreement with the catalytic results, and for some cata-
lysts it was larger than the values determined by TEM. Another
absorption band with the maximum in the range of
2140-2185 cm™ ", related to the complexes of ions Au™-CO,*"*?
was observed in almost all cases, except Au/TiO,_ pH,.
However, the intensity of this absorption band and its change
with pressure variation are different. This absorption band is

Green Chem., 2019, 21, 3370-3382 | 3373
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less intense than that attributed to Au’-CO, and also strongly
depends on CO pressure. The intensity increases with the
pressure increase. It is interesting to note that, for Au/La,0;/
TiO,_pO, (Fig. 1f), reduction of Au" sites is observed under a
CO atmosphere, which indicates their very low stability. The
absence of this absorption band for Au/TiO,_pH, can be due
to the presence of only weak Au" sites, and even a CO pressure
of 50 Torr is not enough for their identification by DRIFT CO,
while according to XPS (Table 2), Au’ is 15% of the total
amount of gold. It should also be noted that the XPS method
determines the ionic states of gold in the near-surface layer,
some of which may not be accessible for adsorbed molecules.
At the same time, the method of DRIFT adsorbed CO allows
the identification of the active sites on the surface available for
the reactions.

The TPD of NH; was used to determine the acidity of sup-
ports and respective gold catalysts, namely the concentration
and strength of acid sites (Table 3 and ESI Fig. St). Physical
adsorption can take place in the case of ammonia TPD, being,
however, typical of low temperatures. Therefore, to avoid the
contribution of physical adsorption, the analysis started from
100 °C.

Three types of acid sites are detected for the initial sup-
ports, but their concentration and strength are different
(Table 3). The pristine titania showed the highest acidity
among the used supports with the majority of acid sites being
of weak strength, while the concentrations of the medium and
strong acid sites are 2.6 and 6.9 fold lower than the previous
one. Therewith, they are all Brensted acid sites (acidic OH
groups).**™*> However, it is possible that the strong acid sites
are of aprotic nature and are Lewis acid sites (e.g. tetrahedral
coordinated Ti*").*®

Modification of titania with ceria and lanthana led to a
decrease in the concentration of weak and medium acid sites.
This is most likely a consequence of surface dehydration after
calcination at 550 °C during preparation. Alongside that, the
amount of strong acid sites increased for Ce-modified titania,
but decreased for La-modified titania. In the case of ceria-
modified TiO,, this can be explained by the appearance of new
Lewis sites, due to the presence of Ce*"/Ce®", whose existence
was indirectly confirmed by TPR.?” For the lanthana-modified
material, no hydrogen consumption was observed in TPR pro-

Table 3 Acidic properties of supports and catalysts

Concentration of acid sites, mol 10™* m™>

Sample Weak  Medium Strong Total
TiO, 378 144 55 577
Ce0,/TiO, 304 90 115 509
La,05/TiO, 302 90 8 400
Au/TiO,_pH, 528 162 16 706
Au/TiO,_pO, 520 132 18 670
Au/CeO,/TiO,_pH, 496 356 80 932
Au/Ce0,/TiO,_pO, 421 187 69 677
Au/La,0;/TiO,_pH, 146 135 239 193 713
Au/La,0;/TiO,_pO, 276 286 170 732

3374 | Green Chem., 2019, 21, 3370-3382

View Article Online

Green Chemistry

files. Thus, it can be assumed that lanthana blocked the acid
sites on the pristine titania surface leading to a decrease in
acidity. After gold deposition, in all cases, there was a redistri-
bution of acid sites. Regardless of the pretreatment for unmo-
dified and Ce-modified materials, an increase in the concen-
tration of weak acid sites and a significant decrease of strong
acid sites were observed. The amount of medium sites in the
case of Au/CeO,/TiO, was increased, while for Au/TiO, it
remained almost unchanged. The distribution of acid sites is
noticeably different for the La-modified catalyst, compared
with the other materials. This is most clearly seen for strong
acid sites, whose concentration significantly increased.
Moreover, there was a decrease of weak acid sites in compari-
son with unmodified and Ce-modified materials. Such
changes in acidity after metal deposition may originate from
several reasons. One of the options can be associated with a
change in the support properties during catalyst preparation
resulting in the mutual influence of the support and the metal
precursor, as previously discussed.*®*”~*° Another possibility
is blocking the acid sites, previously existing on the surface, by
newly formed metal nanoparticles. It should be noted that, in
the case of the La-modified catalyst, a part of the strong acid
sites (90 x 107" mol m™?) may be associated with the Lewis
acid sites, namely Au’. This is confirmed by comparing XPS
(Table 2), DRIFT CO (Fig. 1) and NH;-TPD (Table 3) data.
Considering that lanthana is a non-reducible oxide, it can be
suggested that another part of the strong acid sites is associ-
ated with Brgnsted acidity and belongs to the support or the
modifier.

In order to assess the basic properties of the studied
materials, the TPD of CO, was used. Based on the
literature,’*>* depending on the temperature range in which
CO, desorption occurs, the basic sites are divided into three
types: weak, medium and strong, reflecting their nature. The
weak basic sites (25-200 °C) are usually attributed to surface
hydroxyl groups, medium ones (200-400 °C) to metal oxide
pairs, and strong sites (400-600 °C) to low-coordinated oxygen
anions. All types of basic sites mentioned above were observed
for the supports studied in this work (Table 4 and ESI
Fig. S47). Pristine titania exhibited the average total basicity
among the studied supports, with the dominance of the basic

Table 4 Basic properties of supports and catalysts

Concentration of basic sites, mol 10™* m™>

Sample Weak Medium Strong Total
TiO, 53 93 9 155
Ce0,/TiO, 56 83 6 145
La,0,/TiO, 117 96 35 248
Hydrotalcite 284 230 37 555
Au/TiO,_pH, 30 85 34 149
Au/TiO,_pO, 68 58 42 168
Au/Ce0,/TiO,_pH, 130 137 67 334
Au/CeO,/TiO,_pO, 43 67 52 162
Au/La,03/TiO,_pH, 88 107 177 372
Au/La,05/TiO,_pO, 51 88 74 213

This journal is © The Royal Society of Chemistry 2019
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sites of medium strength and almost absent strong sites. A
similar distribution of the basic sites was also observed for Ce-
modified titania, while the amount of these sites was lower.
After modification of titania by lanthana, there was an increase
in the concentration of weak and strong basic sites, while the
amount of medium sites remained almost unchanged. Table 4
also presents the results for hydrotalcite, the basicity of which
is 2-3 fold higher than that of the used supports. The gold
deposition on the support surface led to a redistribution of the
basic sites similar to the acidic ones (Table 3). For almost all
studied catalysts, there was an increase in the amount of basic
sites while, in all cases, the strong basic sites increased. The
reasons for the changes in basicity after gold deposition are
apparently the same as for acidity in a sense that they originate
from the exposure of the support to the metal precursor

@@

Betulone

Betulonic aldehyde

Betulonic acid

/

E o

Betulin Ho'

Betulinic aldehyde

Betulinic acid

Fig. 2 Reaction scheme for betulin oxidation.
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during preparation, mutual influence of the support and the
precursor, and base site blocking.

In addition, as shown in ref. 54, 55, CO, is also capable of
being adsorbed on small gold nanoparticles, with the abstrac-
tion of oxygen by Au’, giving CO and Au,"0*" species, which
cannot be considered as the basic sites. When comparing CO,-
TPD (Table 4) and TEM (Table 1), it can be concluded that the
highest increase in the amount of basic sites was observed for
samples with the smallest particle sizes. Subsequently, a part
of the strong basic sites can be associated with CO, adsorption
on small gold nanoparticles.

The catalytic behavior of Au supported catalysts in the
betulin liquid phase oxidation (Fig. 2) was studied at 140 °C
and a synthetic air pressure of 1 bar in mesitylene. To assess
the influence of the nature of the support and pretreatment
atmosphere, gold was deposited on pristine titania and TiO,
modified with ceria and lanthana. The obtained materials
were pretreated in H, or O,.

It was found that both the nature of the support and the
pretreatment atmosphere have a significant influence on the
catalytic behavior of the studied catalysts (Table 5). Among the
studied gold containing materials, Au/TiO, pretreated in H,
(Table 5, entry 1) showed the lowest activity. Betulin (A) conver-
sion was 25%, with selectivity to betulone (B) and betulinic
aldehyde (C) of 40 and 53%, respectively, at this conversion
level. Herewith, the total yield of products was only 15%,
which is 1.7 fold lower than the observed conversion (Table 5 -
entry 1, Fig. 3a and d). This difference is due to incomplete

Table 5 Catalytic behaviour of Au, Ru and Ag supported catalysts in betulin oxidation

Selectivity, %

Entry Catalyst X (%) GCLPA (%) Sx Sp Sp Sc Sk Sallobetulin 3 Yoroduet (%)
1 TiO, 13 93 65 3 5 15 2 0 6
2 Ce0,/TiO, 17 91 69 9 0 0 22 0 8
3 La,0,/TiO, 4 97 53 47 0 0 0 0 3
4 Au/TiO,_pH, 25 90 40 6 tr. 53 1 0 15
5 Au/TiO,_pO, 27 9% 38 10 1 51 tr. 0 25
6 Au/CeO,/TiO,_pH, 45 77 48 11 tr. 40 1 0 22
7 Au/Ce0,/TiO,_pO, 33 95 34 1 1 54 0 0 27
8 Au/La,0,/TiO,_pH, 69 80 42 32 tr. 27 0 0 48
9 Au/La,03/TiO,_pO, 25 97 44 7 1 48 0 0 22
10 Au/La,0,/TiO,_pH," 70 85 54 25 0 21 0 0 55
11 Au/La,0;/TiO,_pH,” 71 87 52 27 0 21 0 0 58
12 Au/La,0,/TiO,_pH, ° 48 87 57 24 0 19 0 0 35
13 Au/La,04/TiO,_ szd 58 88 64 19 tr. 17 tr. 0 46
14 Ru/C, Degussa 54" — 0 2 1 16 2 72 —
15 Ru/C, Degussa® 16" — 0 9 5 77 0 2 —
16 Ru/C, Degussa’ 12" — 0 13 49 37 0 1 —
17 Ru/C, Degussa®™® 41 — 0 8 4 67 4 4 —
18 Ag/TiO, 11 — 59 8 3 21 3 0 —
19 Ag/Ce0,/TiO, 27 — 60 4 1 6 7 0 —

Conditions: 140 °C, synthetic air (50 ml min™") as the oxidant, solvent — mesitylene, entries 1-12, 18 and 19; X -

conversion of betulin after 6 h

(%); GCLPA - the sum of the reactant and product masses in GC analysis (%); Sg — selectivity to betulone (%); Sp — selectivity to betulonic alde-

hyde (%); Sg — selectivity to betulonic acid (%); S¢ — selectivity to betulinic aldehyde (%); Sg — selectivity to betuhnlc acid (%); S.
total product yield after 6 h (%) tr. — traces.
d

“Second run. Condltlons 108 °C, synthetic air (50 ml min~") as the oxidant, solvent - toluene, entries 13-17. ¢ With 0.5 g ¢ of hydrotalcite.

vity to allobetulin (%); Y Y,
SiO,.

product

fConditions are the same as for entries 1-12. With 0.5 g of hydrotalcite + 0.5 g SiO,.

allobetulin — selecti-
“With 0.2 g of hydrotalcite. b With 0.2 g of hydrotalcite and 0.2 g

" Conversion of betulin after 5 h (%). ‘ Conversion of

betulin after 24 h (%); data of 14-17 entries from ref. 34; data of 18 and 19 entries from ref. 35.
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Fig. 3 Kinetics of betulin oxidation on (a) Au/TiO,_pH,, (b) Au/La,Os/
TiO,_pH; and (c) Au/La,Os3/TiO,_pH, with 0.2 g of hydrotalcite; data are
presented taking into account the mass balance; and (d) selectivity
towards betulone and betulonic aldehyde as a function of betulin con-
version. Conditions: 140 °C, synthetic air (50 ml min™Y) as the oxidant,
initial betulin concentration — 4.5 mmol ™, solvent — mesitylene, 0.2 g
catalyst.

mass balance (the sum of the masses of the reactants and pro-
ducts visible in GC and GCLPA). This is most likely caused by
the strong adsorption of reactants or products on the catalyst

3376 | Green Chem., 2019, 21, 33/0-3382

View Article Online

Green Chemistry

surface. The mass balance closure was different for the various
catalysts, being determined by the catalytic properties. In this
particular case, the GCLPA was 90%. Betulin conversion and
selectivity for the same material (Au/TiO,), but pretreated in
0,, were almost the same (Table 5, entry 2). However, due to a
better GCLPA - 96%, the total yield of products for this catalyst
turned out to be 1.7 fold higher than that for the one pre-
treated in H,.

In contrast to the unmodified material, betulin conversion
for the Ce-modified catalyst was higher after the pretreatment
in H, (betulin conversion - 45%, Table 5, entry 3). However,
the mass balance closure in this case was the worst — 77%, ulti-
mately giving only 22% total yield of the main products. For
the same catalyst, but pretreated in oxygen, a lower conversion
- 33% was achieved (Table 5, entry 4). The best 95% GCLPA
was, however, reached for this case, with the total yield of pro-
ducts being 1.2 fold higher than that after pretreatment in H,.
The pretreatment atmosphere even affected the selectivity for
the primary products, such as betulone (B) and betulinic alde-
hyde (C), which should be less sensitive to conversion levels.
For Au/CeO,/TiO,_pO, in particular, the main product was
betulinic aldehyde (C), while for Au/CeO,/TiO,_pH, betulone
(B) was mainly obtained.

Au/La,03/TiO, pretreated in hydrogen showed the highest
activity among the studied catalysts. Betulin conversion was
69% and the main products were betulone (B), betulonic (D)
and betulinic (C) aldehydes, with selectivities of 42, 32 and
27%, respectively (Table 5 - entry 5, Fig. 3b and d). It should
be noted that due to a GCLPA of 80%, the total yield of the
main products turned out to be 1.4 fold lower than the
observed conversion, being 48%. Betulin conversion for the
same material (Au/La,O3/TiO,), but pretreated in O,, was 2.8
fold lower than that after treatment in H, (Table 5, entry 6).

For this catalyst, the product distribution was also different.
It can also be related to the conversion as betulinic aldehyde
(C) can be transformed to betulonic aldehyde (D). In this case,
betulonic aldehyde (D) was practically not formed and the
main products were betulone (B) and betulinic aldehyde (C),
with a higher GCLPA (97%).

Table 5 also presents the results of the previous studies on
betulin oxidation over Ru and Ag catalysts.>**> As can be seen
from the data (Table 5, entries 4-9, 15, 17 and 18), under the
same experimental conditions, the activity of supported gold
catalysts significantly exceeds the activity of Ru and Ag counter-
parts. Selectivity of Ru is significantly different from that for Au
and Ag catalysts. Over the majority of Au(Ag)/(modifier)/TiO, cat-
alysts the main reaction products were betulone (B) and betuli-
nic aldehyde (C), while betulonic acid (F) and betulinic aldehyde
(C) were obtained for Ru/C. It is also worth noting that allobetu-
lin was not observed in the reaction products for Au(Ag)/(modi-
fier)/TiO, in comparison with Ru. Moreover in the previous
work the mass balance closure was not explicitly accounted for,
making a direct comparison of the yields difficult.

In the work,*® it was also shown that the catalytic behavior
(activity and selectivity) of Ru catalysts depends strongly on the
reaction conditions. In toluene as a solvent at 108 °C, betulin

This journal is © The Royal Society of Chemistry 2019
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conversion over Ru/C (entry 14) was 54% after 5 hours with
allobetulin (77%), a structural isomer of betulin, as the main
product. To evaluate how the reaction conditions affect the
catalytic behavior of gold materials, a similar experiment was
carried out using Au/La,0;/TiO,_pH, in toluene at 108 °C
(entry 13). Compared with entry 8, betulin conversion
decreased 1.2 fold; however, the main reaction products were
still betulone (B), betulonic (D) and betulinic (C) aldehydes. It
is worth noting that in this case, the mass balance closure was
higher (88%) compared with entry 8 (80%); therefore, the
difference in Y,Y,roauce between entries 8 and 13 was only 2%.

Selectivity to a more desired product (betulinic aldehyde as
opposed to allobetulin) was increased®* by adding basic hydro-
talcite to the reaction mixture, even if there was a negative
influence on activity decreasing the betulin conversion from
54% to 16% (Table 5, entry 15). The betulin conversion
reached 41% with a selectivity to betulinic aldehyde of 67%
(Table 5, entry 17) with an increase in the reaction time up to
24 hours, adding hydrotalcite and silica as dehydrating agents.
In the present work, a similar experiment was carried out, and
hydrotalcite was added to the reaction mixture containing Au/
La,05;/TiO,_pH, (Table 5, entry 10, Fig. 3c and d). However,
there were no significant changes in betulin conversion or in
the product distribution. Betulin conversion increased by only
1% after adding hydrotalcite. Despite a slight increase in
betulin conversion, the TOF increased 1.4 fold and was 0.010
s~!, compared to the experiment without hydrotalcite, for
which it was 0.007 s™'. Moreover, due to the better GCLPA -
85%, the total yield of the main products increased to 55%
compared with entry 5, being 48% (Table 5). Addition of silica
to the reaction mixture, along with Au/La,03/TiO,_pH, and
hydrotalcite, additionally increased the betulin conversion by
1% and the product yield by 3%, as well as the GCPLA to 87%
(Table 5, entry 11). Thus, it can be assumed that the addition
of hydrotalcite, leading to apparently local changes in concen-
trations of a proton and hydroxyl groups in the vicinity of the
catalyst surface, can thereby affect the properties of the catalyst
surface. In turn, silica prevents the inhibitory action of water.
However, in the case of betulin oxidation over gold catalysts,
inhibition by water is much less pronounced than that for Ru
catalysts.® In general, gold materials were less sensitive to
changes in the reaction conditions than ruthenium ones.
When Au/La,O3/TiO,_pH, was recycled (Table 5, entry 12), a
30% drop in activity compared to entry 8 was observed, indi-
cating some catalyst deactivation. However, the gold catalyst
was still more stable than ruthenium, for which the activity
decreased by 44% in the second run (from 41% to 23%).>* As
mentioned above in Introduction betulone is equally impor-
tant as betulinic aldehyde or betulinic acid. Selectivity to betu-
lone can be increased by adding to the reaction mixture
besides the catalyst also hydrotalcite and silica or by replacing
the solvent and lowering the reaction temperature.

When comparing the GCLPA for the same catalyst, but pre-
treated under different atmospheres (e.g. Au/La,O3/TiO,_pH,
and Au/La,03/TiO,_pO,, Table 5, entries 4-8) with acid-base
properties (Tables 3 and 4), it can be assumed that the GCLPA
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is determined by the acidity of the materials, namely the con-
centration of medium and strong acid sites. The lower this
concentration, the higher the mass balance closure (Fig. 4),
which can be explained by side reactions, promoted on stron-
ger sites leading to a lower GCLPA. This is also confirmed by
comparing the catalytic and ammonia TPD data for the sup-
ports applied in this work (Tables 3 and 5 - entries 1-3). For
Ce-modified TiO,, the concentration of medium and strong
acid sites was the highest among supports, and the GCPLA was
the lowest. For La-modified TiO,, the opposite situation was
observed. From this point of view, hydrotalcite indirectly affected
the catalytic properties, in particular the strong acid sites, pre-
venting the side reactions and increasing the product yield.

Along with the acidity of the materials, their basicity also
plays an important role (Table 4). Betulin conversion was higher
for catalysts with more pronounced basic properties. Herewith,
H2-pretreated materials were more basic, but at the same time,
they also demonstrated higher acidity. The exception was Au/
TiO,, for which conversion or the product distribution was
almost independent of the pretreatment atmosphere. This can
be explained based on the fact that the acid-base properties of
this material vary only slightly upon different pretreatments.

It should be noted that while a certain correlation between
the acid-base properties and catalytic performance was seen,
the role of gold in betulin oxidation is decisive. Moreover, cor-
relations between the TPD of ammonia and CO, made in the
gas-phase with catalytic properties should be taken with
caution when the catalysts are employed in the liquid-phase
processes. Nevertheless, TPD methods provide general infor-
mation on the nature of solid surfaces and the types of sites
and are often applied for characterizing the acid-base pro-
perties of solid catalysts even for the liquid phase reactions.

In order to find out the reason for a decrease in the GCPLA,
namely, what was adsorbed on the catalyst surface, size exclu-
sion chromatography (SEC) was used.

After carrying out the extraction and SEC analysis, it was
found that polymers and oligomers with a molecular weight of
5000 and 1000 Da, respectively, were formed on the catalyst
surface (ESI Fig. S51). The weight of oligomers/polymers on
the catalyst was not quantified, being, however, related to the

# Concentration of acid
sites,mol-10-/m?

Au/La:04/TiO:

BGCLPA, %

Fig. 4 Dependence of the GCLPA on the concentration of medium and
strong acid sites.
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mass imbalance between the theoretical GCLPA (100%) and
the corresponding values of GCLPA reported in Table 5.

Thus, it can be concluded that a decrease in the GCPLA is
associated with the side reactions of the oligomerization/polymer-
ization of betulin or its derivatives on the catalyst surface, with
the participation of strong acid sites. Formation of oligomers/
polymers on the catalyst surface is also likely to cause partial de-
activation of the recycled catalyst (Table 5, entry 12). Despite
washing the catalyst after the first run in hot acetone, a part of
the oligomers/polymers could remain on the surface thereby
blocking partially active sites. This is also confirmed by an
increase in the GCPLA after the second run (Table 5, entry 12).

In order to quantify the kinetic significance of various steps
comprising the reaction network and a contribution of side
reactions leading to oligomers/polymers, kinetic modelling was
performed for betulin oxidation in the presence of Au/La,O;/
TiO,_pH, and hydrotalcite (Fig. 3c). The reaction scheme given
in Fig. 2 was somewhat modified (Fig. 5) to incorporate for-
mation of oligomers (O) and finally polymers (P) and account
for a clear lack of mass balance closure in Fig. 3c. The reaction
scheme was simplified as the concentration of acids was negli-
gible for Au/La,0;/TiO,_pH,. In general, oligomers can orig-
inate not only from the reactant as in Fig. 5 but also from the
products, as mentioned above. However, a lack of mass balance
closure in some cases was already seen at the beginning of
experiments justifying that the main contribution for the for-
mation of oligomers comes from the reactants. To keep a more
general character of the model, formation of oligomers was con-
sidered to be reversible, while generation of polymers as term-
inal species was supposed to be irreversible.

The equations for the reaction rates presented in Fig. 5 can
be easily written:

— k1 KaCa A k2 KaCa e ksKcCo
A+ YKG) T A+ L kG) T 1+ L KG)
= k4KBCB . _ ksKACA — ](LsK()CO R k6KOC0
TarYKkG) T 1+ KG) T 1+ L KG)

(1)

r;

" o

OH

Betulone

2 r.
HO N + C

Betulin HO'
‘ ’rs
fs
(0]

Fig. 5 Modified reaction scheme for betulin oxidation, which includes
formation of oligomers (O) and polymers (P).

Betulinic aldehyde

P
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These equations correspond to the adsorption of all
organic compounds and subsequent oxidation with non-
competitively adsorbed oxygen. Dependence of the oxygen con-
centration is thus implicitly incorporated in the rate
constants k;.

In the preliminary development of the kinetic model
(eqn (1)), adsorption of all reactants was considered. However,
the initial parameter estimation showed that the calculated
terms in the denominator involving adsorption coefficients,
for all substances and their concentrations apart from betulo-
nic aldehyde, are very low. This allows assuming that the cover-
age of these species is rather low. The constants in eqn (1) are
lumped ones comprising implicitly also dependence on
oxygen pressure.

The reactor mass balances for each component in the reac-
tion system are as follows:

Sy = p P EIOS EsG
A0y _ oy KO~ (K5 1K)y ©)

de 1+ KpCp

In eqn (1)-(6) C; denotes the concentration of respective
compounds, mol L™, and p is the catalyst bulk density given
in g L™". Modified constants, etc. contain also the respective
adsorption coefficients.

Differential eqn (2)-(6) were solved using the backward
difference method and the parameter estimation was per-
formed with the simplex and Levenberg-Marquardt methods.
The numerical tools are inbuilt in the optimization software
ModEst,’® in which the objective function Q is defined
through experimental y; and calculated J; concentrations of
the components in the reacting system:

Q=> -’ ()

The results (Fig. 6) show that this model can describe the
experimental data rather well.

For 24 data there were initially 8 adjustable parameters,
namely 7 rate constants (k'; to k's and k'_5) and one adsorption
constant (Kp). During the parameter estimation it turned out
that some of these constants, namely k'; and k', are negligible.
Thus the final model comprised 6 parameters. Their values are
given in Table S1.7 Even if the number of data points is much
larger than the number of parameters they were somewhat cor-
related with each other, preventing a detailed analysis of their
physicochemical significance. Apparently, a separate kinetic
study accounting for catalyst deactivation and more rigorous

This journal is © The Royal Society of Chemistry 2019
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Betulin

0 5 100 150 200 250 300 350 400
time (min)

Fig. 6 Comparison between experimental (points) and calculated
(lines) concentration profiles in betulin oxidation on Au/La;O3/TiO,_H,.
Conditions and notation of components are given in Fig. 3.

chemical analysis of oligomers/polymers is required, being,
however, outside of the scope of the current work.
The degree of explanation R*:

> -3
0 -3’

was 99.3% reflecting the applicability of the model.

RP=1-

Conclusions

The current work is the first study dealing with the liquid-
phase oxidation of betulin over gold-based catalysts. As a
support, titania per se, or modified with CeO, or La,03, was
used. The nature of the support and pretreatment atmosphere
(H, or O,) significantly affected the uniformity of gold particle
distribution and their mean size, the electronic state of gold
and acid-base properties and, as a consequence, the catalytic
behavior (activity and selectivity) of the studied materials in
betulin oxidation. The smallest gold nanoparticles with their
narrow distribution and the strongest and most stable adsorp-
tion sites (Au® and Au") were formed on the La-modified TiO,
surface after H, pretreatment. Additionally, this material
exhibited the highest basicity and the highest concentration of
medium and strong acid sites among the studied catalysts,
and as a consequence the best catalytic results. Betulin conver-
sion was 69% for 6 h at 140 °C, and the main products were
betulone, betulonic and betulinic aldehydes, with selectivities
of 42, 32 and 27%, respectively. However, the total yield of pro-
ducts was 1.4 fold lower than the observed conversion, which
was due to an incomplete mass balance and was caused by the
side reactions of oligomerization/polymerization on the cata-
lyst surface, promoted on stronger acid sites. The product yield
was increased by adding basic hydrotalcite to the reaction
medium along with the catalyst. Such results can be explained
by an indirect influence of hydrotalcite on the surface pro-
perties of the catalyst, in particular strong acid sites which, in
turn prevents the side reactions and increases the product

This journal is © The Royal Society of Chemistry 2019
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yield. Kinetic modelling was performed to quantify the signifi-
cance of such side reactions.

Experimental
Catalyst preparation

TiO, P25 (nonporous, 70% anatase and 30% rutile, particle
size: 21 nm, purity: 99.5%, Evonik Degussa GmbH) was used
as the starting support. For comparative studies, titania was
modified with ceria and lanthana by impregnation with solu-
tions of the corresponding nitrates (molar ratio Ti/M = 40,
where M = Ce or La). After impregnation, the samples were
dried at room temperature for 48 h, then at 110 °C for 4 h, fol-
lowed by calcination at 550 °C for 4 h.

Gold catalysts (Au/TiO,, Au/CeO,/TiO, and Au/La,03/TiO,)
were prepared by deposition-precipitation with urea, accord-
ing to the procedure previously described.***”~>° The nominal
gold content in all catalysts was 4 wt%. The gold precursor
(HAuCl,-3H,0, Merck) and urea (Merck) were dissolved in dis-
tilled water, and thereafter the support was added to the solu-
tion. The resulting mixture was heated to 80 °C and kept at
constant temperature for 16 h, with stirring. Thereafter, the
catalysts were pretreated at 300 °C for 1 hour under a H, or O,
atmosphere.

The catalysts are denoted hereinafter as Au/(M,O,)/TiO,_P,
where M,0, is CeO, or La,0O; and P indicates the pretreatment
atmosphere (O, or H,).

Catalyst characterization

The specific surface area (Sgpr) of supports and catalysts was
measured by nitrogen adsorption with a “TriStar 3000” analy-
zer (Micromeritics, USA). Prior to measurements, the samples
were subjected to thermal vacuum treatment at 300 °C for
5 hours. To calculate the Sggr, @ multipoint BET method with
linearization of the adsorption isotherm for the relative
pressure between 0.005 to 0.25 was used.

The phase composition of supports and catalysts was
studied by the step-scanning procedure (step size: 0.02°; 0.5 s)
with a Philips XPert PRO diffractometer, using CuKa radiation
(4 = 0.15406 nm) and a Ni-filter. The measured diffractograms
were analyzed with the ICDD-2013 powder diffraction database.

The morphology of catalysts and the size of gold particles
were investigated by transmission electron microscopy (TEM)
and STEM-HAADF (scanning transmission electron
microscopy-High Angle Annular Dark Field) using a JEOL
JEM-2100F. The samples were ground to a fine powder and
sonicated in hexane at room temperature. Then a part of the
suspension was placed on a lacey carbon-coated Cu grid. In
order to obtain micrographs that most fully reflect the real
structure of the samples, a thorough examination of the
samples was carried out, after which the selected area was
scanned at various resolutions. For each sample, at least 150
particles were registered.

The metal loading of the catalysts was determined by induc-
tively coupled plasma optical emission spectrometry (ICP-OES)

Green Chem., 2019, 21, 3370-3382 | 3379


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9gc00949c

Open Access Article. Published on 14 May 2019. Downloaded on 10/17/2025 4:22:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

using a PerkinElmer ICP-OES Optima 3300 DV spectrometer.
The solids were dissolved by acid dissolution, digested in a
microwave oven, diluted to 100 mL and analyzed in the
spectrometer.

The catalysts were characterized by X-ray photoelectron
spectroscopy (XPS) with a SPECS GmbH custom made system
using a PHOIBOS 150 WAL hemispherical analyzer and a non-
monochromated X-ray source. All the data were acquired using
Al Ka X-rays (1486.6 eV, 200 W). A pass-energy of 50 eV, a step
size of 0.1 eV per step and a high-intensity lens mode were
selected. The diameter of the analysed area was 3 mm.
Charging shifts were referenced against the Ti 2p;, peak of
TiO, at 458.8 eV. The pressure in the analysis chamber was
kept lower than 1 x 10™® mbar. The accuracy of the binding
energy (BE) values was about +0.1 eV. Peak areas were esti-
mated by calculating the integral of each peak after subtracting
a Shirley type background, fitting the experimental peak to a
combination of Lorentzian/Gaussian lines with a 30/70 pro-
portion and keeping the same width on all lines.
Deconvolution of spectra was performed with the program
CasaXPs.

Diffuse Reflectance Fourier Transform Infrared (DRIFT)
spectra of CO adsorbed on the catalysts were recorded by using
a Bruker EQUINOX 55/S FTIR spectrometer with a homemade
accessory at 4 cm™' resolution at room temperature. The
powdery fraction of an oxide was placed in a quartz ampoule
with a window of CaF,. The samples were preliminarily cal-
cined at 100 °C under vacuum not less than 10~ Torr for 1 h.
For each catalyst three samples were investigated: as-prepared,
and after pretreatments either in H, or in O, (100 Torr) at
300 °C for 1 h and then cooled down to room temperature.
Then, H, or O, was evacuated and CO adsorption (>99%) was
carried out. The spectra of adsorbed CO were recorded at
several pressures - 5, 20, 50 Torr, at room temperature, with
the pressure measurement accuracy of 5%. The obtained
spectra were recalculated into Kubelka-Munk units (KMU).
The background spectrum was subtracted from the spectrum
of the sample with adsorbed CO and the baseline was cor-
rected. All calculations were performed using the OPUS 6.0
software (Bruker).

Acidic and basic properties of the catalysts and corres-
ponding supports were studied by the temperature-program-
mable desorption (TPD) of ammonia (“Chemosorb” chemical
adsorption instrument) and CO, (Autochem 2900 apparatus),
respectively. The procedures in both cases were almost the
same apart from the starting desorption temperature, which
was 100 °C for ammonia TPD and 25 °C in the case of CO, and
the carrier gas, in the former case, was helium, and the latter
argon. Prior to the analysis, the samples were treated at 300 °C
under an inert atmosphere (helium or argon) for 1 h to remove
the impurities adsorbed on the surface. Thereafter, the temp-
erature was decreased to 100 °C (25 °C) followed by saturation
with NH; (CO,) for 60 min and flushing with He (Ar) for 1 h to
remove physisorbed NH; (CO,). The temperature was increased
to 600 °C with a 10 °C min~"' ramp under a helium (argon)
atmosphere.
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For comparative analysis, NH; and CO, desorption profiles
of the supports and corresponding catalysts are demarcated
into temperature ranges: 100-200 °C (for TPD CO, the starting
temperature is 25 °C), 200-400 °C and 400-600 °C and are
designated as weak, medium and strong acid or basic sites,
respectively.

Catalytic testing

Betulin (90-94%) was extracted from birch with a non-polar
solvent and recrystallized from 2-propanol in Abo Akademi
University.> Betulin oxidation was performed over supported
Au catalysts under atmospheric pressure with synthetic air
(AGA, 20% oxygen, 80% nitrogen) as an oxidant in mesitylene
at 140 °C or in toluene at 108 °C (Sigma Aldrich, >99%).
Synthetic air was bubbled through the liquid with an inlet for
the gas (flow rate: 50 ml min™") located at the bottom of the
reactor to enhance the gas-liquid mass transfer. Moreover, a
metallic sinter was applied to diminish the size of air bubbles.
Typically oxidation of betulin was carried out using 200 mg of
the reagent in 100 ml of the solvent (the initial betulin concen-
tration was 4.5 mmol 17") using 200 mg of the catalyst. The
reaction started when the desired temperature was reached, via
turning on the stirring (450 rpm). Small catalyst particles
(<63 pm) and a high stirring rate of 450 rpm were used to sup-
press the internal and external mass transfer limitations. In
some experiments, hydrotalcite (Merck) was used together
with the catalyst as a base-additive. Hydrotalcite was calcined
for 3 h at 500 °C prior to its use.

The samples for analysis were withdrawn from the reactor
at regular intervals. Prior to GC-analyses, the samples (150 pL)
were silylated by adding 150 pL of a mixture of pyridine (VWR
International, Fontenay-sous-Bois, France), N,O-bis(trimethyl-
silyl)trifluoroacetamide (BSTFA, Supelco Analytical, Bellefonte,
PA, USA), and trimethylsilyl chloride (TMCS, Merck KGaA,
Darmstadt, Germany) in a 1:4:1 volume ratio, and the
mixture was heated in an oven at 70 °C for 45 min. GC analysis
was performed on a PerkinElmer AutosystemXL gas chromato-
graph using an Agilent HP-1 capillary column, 25 m (L) x
0.2 mm (ID), film thickness: 0.11 mm. Hydrogen was used as a
carrier gas, with a flow rate of 0.8 ml min™". Betulinic aldehyde
and betulinic acid (90% purity), used as standards, were pur-
chased from MedChem Express and Merck, respectively. The
products were confirmed by GC-MS. The conditions of betulin
oxidation and the analytical procedure were previously
published.***

Size exclusion chromatography was performed to investi-
gate oligomer and polymer formation on the spent catalyst
surface.®® 20 mg of the spent catalysts was added to a round
flask together with 20 ml of the solvent heptane and a conden-
ser. The flask was placed in an oil bath and heated to 98 °C.
Thereafter, extraction occurred for four hours with a stirring
rate of 400 rpm. The flow rate of the inert gas, consisting of
5% Ar in 95% N,, was set to 100 ml min~'. The solution
obtained after the 4 h extraction was then kept at 40 °C, until
complete evaporation of heptane. The resulting residue was
then dissolved in 10 ml of tetrahydrofuran, and thereafter fil-
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tered for analysis. The resulting concentration of the residue
was 2 mg ml™'. The analysis was carried out using a
SEC-HPLC system equipped with two columns, a Guard
column with the dimensions of 50 mm x 7.8 mm and a Jordi
Gel DVB 500A column with the dimensions of 300 mm x
7.8 mm.

The TOF values were calculated as the number of converted
moles of betulin per mole of exposed catalytic site per unit
time, during the first 15 min, taking into account the metal
dispersion:

NBetulin
Npetal Dt

TOF = (9)
where ngewin 1S the number of converted moles of betulin,
Nmetal 1S the number of moles of the metal, D is dispersion and
t is time. The number of surface metal atoms was calculated
knowing the average gold particle size measured by trans-
mission electron microscopy (TEM).
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