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Betulin, being a pentacyclic triterpene alcohol and an extractive from birch bark, along with its oxo-derivatives,
has a broad range of physiological properties of interest for synthesis of pharmaceuticals. Instead of oxidizing
betulin with strong and toxic oxidizing agents the present study shows a possibility of using liquid-phase
oxidation of betulin with air over supported Ag NPs catalysts as an alternative method for synthesis of its
oxo-derivatives. Based on catalytic studies, high resolution transmission electron microscopy, X-ray photoelec-

tron spectroscopy and ultraviolet-visible diffuse reflectance spectroscopy, the evolution of the surface of nano-
silver catalysts during the catalysis was demonstrated, as well as under the impact of reactant gas composition.
The kinetic regularities and causes of deactivation of supported Ag NPs catalysts were revealed. An approach to
the regeneration of silver catalysts was proposed. Kinetic analysis with numerical data fitting was performed
resulting in an adequate description of the concentration dependencies.

1. Introduction

Birch bark is a large-tonnage waste of wood processing industry with
the share of bark amounting to 10-15% of the total volume of procured
wood [1]. It is mainly used as a low-grade fuel, while during its
long-term storage, it can become a source of a number of phenolic
compounds. The latter are washed out by an atmospheric downfall and
melt water, polluting the environment. At the same time, the extractive
substances contained in birch bark are valuable initial source to produce
bioactive compounds. One the valuable extract is betulin (lup-20
(29)-ene-3, 28-diol, C3pHs002, CAS: 473-98-3) — a pentacyclic tri-
terpene alcohol of the lupane series with the quantities in the bark
ranging from 10 to 35% [2,3]. It was counted that a pulp mill producing
200 ktons of birch kraft pulp per year could yield 3000 tons of betulin
[4].

Betulin and its oxo-derivatives exhibit a broad range of biological
activity and, moreover, can serve as a building block for the synthesis of
a new-generation of drugs [5-25]. Separately, it is worth noting some
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features of betulin as an object of this study. The melting point of betulin
ranges from 251 to 261 °C. The functional groups in betulin are the
primary and secondary hydroxyl groups and the double bond in the
isopropenyl group of the five-membered ring. Betulin undergoes re-
actions specific to alcohols (esterification, oxidation) as well as those
involving the isopropenyl group (isomerization, reduction, oxidation).
The specific structure of the ring system of betulin and its derivatives
and their functional groups in the positions C-3, C-20 and C-28 stipulate
various rearrangements due to intermolecular interactions, depending
on the chemical and physical properties of the medium. Betulin has
limited solubility in pyridine, tetrahydrofuran, being slightly soluble in
most organic solvents and practically insoluble in water. All these fea-
tures of betulin impose certain restrictions on its oxidation in order to
obtain its oxo-derivatives; in particular, there are substantial difficulties
with controlling selectivity or in other words excess of oxidation.
Currently the main method to produce these derivatives is betulin
oxidation using strong and toxic oxidants containing chromium [26,27],
manganese [28,29] or a mixture of TEMPO (2,2,6,
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6-tetramethylpiperidin-1-oxyl), NaClO, and NaOCl [28,30]. These ap-
proaches are laborious and require complex purification steps, including
column chromatography, multiple recrystallization and extraction using
large volumes of solvent [31], making their use essentially unfeasible for
large scale industrial applications. Thus, there is a need to find alter-
native methods for synthesis of betulin oxo-derivatives.

One of such methods, proposed by some of the authors of the current
work, can be heterogeneous catalytic oxidation of betulin with air over
supported nanocatalysts [32-37]. Among the catalysts for liquid-phase
oxidation of betulin studied by the authors, the best results were ob-
tained using supported Au NPs catalysts [33]. At the same time it was
shown [37] that optimization of the composition and preparation tech-
niques of supported Ag NPs catalysts allowed to achieve performance
comparable to nanogold catalysts. As the gold precursors are more
expensive, silver catalysts might be a rational alternative to gold ones.
Nevertheless, there are several issues related to catalytic behavior of sup-
ported Ag NPs catalysts in liquid-phase oxidation of alcohols, which still
has to be explored, as only few studies on this topic are available in the
scientific literature [38-41], contrary to the widely studied gas-phase
oxidation of alcohols over silver [42]. Table 1 shows several examples of
the use of silver catalysts for liquid-phase oxidation of alcohols. The main
emphasis in Table is placed on the comparison of turnover frequencies
(TOF). It should be taken into account, since TOF reflects the maximum
number of converted alcohol moles per mole of exposed active Ag sites per
unit time, so its value will depend, in addition to Ag amount and its
dispersion, also on the alcohol nature, reaction time and conditions.
Therefore, TOF is usually calculated at the initial time, when the reaction
rate is maximum, since over time, the active surface of the catalyst can
change, including deactivation and, accordingly, this will affect both the
reaction rate and TOF. Nevertheless, despite the fact that the TOF values
presented in Table 1 were calculated after 2 h, it can be said that the
alcohol nature, including its spatial and bulk structure, significantly affects
the catalyst activity. In addition, as can be seen from the presented data, the
nature of the reactant gas also plays an important role. At the same time,
according to our knowledge, its impact on active surface of Ag catalysts
have not been studied in detail previously. There are also open issues
related to studies of kinetic regularities of the liquid phase oxidation, un-
derstanding the reasons behind deactivation and developing the proced-
ures for reactivation. Thereby, the present study aims in deeper
understanding of the catalytic behavior of supported Ag NPs catalysts in
the liquid phase oxidation of betulin.
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2. Materials and methods

Based on a previous study, a sample designated as Ag/AlOOH -
cal dp_pHa in [37] was selected for a further investigation of kinetic
regularities, as well as the origin of deactivation and possible ways of
regeneration of nanosilver catalysts during betulin oxidation. This
catalyst contains silver nanoparticles (the average size of Ag NPs ac-
cording to HRTEM was 2.6 nm) deposited by deposition-precipitation
with NaOH on pre-calcined boehmite at 600 °C for 3 h (according to
XRD data, the support was y-Al,03), followed by pretreatment of the
catalyst in a mixture of 20% Hj and 80% Ar for 1 h at 300 °C. The silver
content in this catalyst, determined by ICP-OES, was 2.8 wt.%. The
choice of the catalyst was based on its better catalytic performance
(activity and selectivity) compared to other studied supported Ag NPs
catalysts [37]. Hereafter, Ag/AlIOOH_cal_dp_pHj catalyst will be desig-
nated as Ag/Al (initial sample).

To identify the effect of reactant gas composition on the catalytic and
physicochemical properties of the Ag/Al material, the latter was also
pretreated in 100% N (denoted as Ag/Al_pNy), in a mixture of 21% O
and 79% N5 (denoted as Ag/Al _p0O5(21)) and in 100% O (denoted as
Ag/Al p0,(100)) at 150 °C for 1 h.

In order to determine the reasons for catalyst deactivation during
betulin oxidation, the Ag/Al catalyst after being used in the reaction (i.
e., the spent catalysts, denoted as Ag/Al sp5, Ag/Al sp30 and Ag/
Al _sp360, where the numbers indicate the reaction time in minutes,
were separated from the reaction solution, then washed in mesitylene
for 4 h at 140 °C, acetone for 2 h at 56 °C and dried under vacuum for 2 h
at 80 °C). Ag/Al_sp360 was also tested for betulin oxidation.

In order to assess the possibility of catalytic properties recovery and
reuse in betulin oxidation, Ag/Al_sp360 material was pretreated in 20%
Hj and 80% N3 at 300 °C for 2 h (denoted as Ag/Al sp360_pHy), in a
mixture of 21% O, and 79% N at 500 °C for 3 h, followed by reduction
in a mixture of 20% Hy and 80% N3 at 300 °C for 2 h (denoted as Ag/Al_
sp360_pO,_pHy).

The textural properties were assessed by nitrogen adsorption-
desorption isotherms at -196 °C, recorded with an ASAP 2060 appa-
ratus (Micromeritics, Norcross, GA, USA). The samples were degassed
under vacuum at 300 °C for 5 h before each measurement. The specific
surface area (Sggr) was determined using the Brunauer-Emmett-Teller
(BET) equation applied for the adsorption isotherm (P/P, range
0.05-0.25). The Barrett-Joyner-Halenda (BJH) method was applied for

Table 1
Liquid-phase oxidation of alcohols over supported Ag catalysts.
Catalysts Alcohol TOF?, s ! D T, °C Gas reactant Solvent Refs.
10%Ag/SiO, Benzyl alcohol 0.0009 0.40 130 (o2} Xylene [43]
10%Ag/SiO, + CeO, (2:1) Benzyl alcohol 0.0148 0.40 130 (o2} Xylene [43]
10%Ag/SiO, + CeO4 (2:1) Benzyl alcohol 0.0023 0.40 130 air Xylene [43]
10%Ag/SiO, + CeO (2:1) Benzyl alcohol 0.0002 0.40 130 Ny Xylene [43]
10%Ag/SiO, + CeO (2:1) 1-Naphthalenemethanol 0.0039" 0.40 130 [e23 Xylene [43]
1%Ag-MnO, Benzyl alcohol 0.0370 0.27 100 0, Toluene [44]
1%Ag-MnO, 4-Tert-butylbenzyl alcohol 0.0287 0.27 100 (o2} Toluene [44]
1%Ag-MnO, Citronellol 0.0027 0.27 100 [e23 Toluene [44]
9.56%Ag/GOSH + NHPI Benzyl alcohol 0.0173 0.09 80 [o2% Acetonitrile [45]
2.1%Ag/Ce0,/TiOy Betulin 0.0013 0.14 140 air Mesitylene [34]
2.7%Ag/y-Al;03_dp_pH, Betulin 0.0025 0.33 140 air Mesitylene [37]
Ag/Al Betulin 0.0010 0.38 140 air Mesitylene Current
study
Ag/Al Betulin 0.0008 0.38 140 Oy Mesitylene Current
study
Ag/Al° Betulin 0.0006 0.38 140 Ny Mesitylene Current
study

GOSH: thiolated graphene oxide.
NHPI: N-hydroxyphthalimide was used as a co-catalyst.

? TOF was calculated according to the equation: TOF = (ng — nzp)/(nagDt), where ng - initial number of alcohol moles, nyp, - number of alcohol moles after 2 h, nag -

number of silver moles, D - dispersion, t - time (7200 s).
b calculated after 3 h.

¢ silver content— 2.8 wt.%.



A. Grigoreva et al.

the pore size distribution.

X-ray photoelectron spectroscopy (XPS) was applied for a study of
the oxidation state of silver using a Thermo Fisher Scientific XPS NEXSA
spectrometer with a monochromated Al K-a X-ray source (1486.6 eV)
and equipped with a flood gun for the charge compensation. The survey
spectra were recorded with a pass energy of 200 eV and a step size of 1
eV, while a pass energy of 50 eV and a step size of 0.1 eV were applied
for the high-resolution spectra. The analyzed area was 200 pm?.
Charging shifts were referenced against adventitious carbon at the
binding energy (BE) of 285 eV. The CASA XPS software (version 2.3.15,
CASA Software Ltd., Teignmouth, UK, http://www.casaxps.com/) was
used for processing the spectra. Interpretation of the obtained results
was carried out on the basis of the literature data [37,46-54].

High resolution transmission electron microscopic (HRTEM) images
(Fig. S1, Supplementary material) were acquired by using a JEM-2100F
microscope (JEOL Ltd., Tokyo, Japan) to study the size of silver nano-
particles and their distribution. Before introduction into the instrument,
the samples, in a fine powder form, were sonicated in hexane at room
temperature, and a drop of the suspension was deposited on a lacey
carbon-coated Cu grid. A general survey of the samples was carried out
to obtain an image most adequately reflecting the real structure of a
sample, thereafter the selected area was scanned at higher resolutions.
The particle size for each sample was determined from the analysis of at
least 500 particles.

Ultraviolet-visible Diffuse reflectance spectroscopy (UV-vis DRS)
was used to confirm the patterns revealed by XPS and HRTEM. UV-vis
DR spectra were recorded against a white Spectralon standard in the
range of 200-850 nm in 1 nm steps using a Cary 100 SCAN spectro-
photometer (Varian, Australia).

It should be noted that for a proper comparative analysis of the re-
sults obtained from different methods, namely XPS, HRTEM and UV-vis
DRS, as well as catalytic ones, each sample after its preparation,
including pre-treatment in various gas mixtures, was not further sub-
jected to any exposure before analysis.

Inductively coupled plasma optical emission spectrometry (ICP-OES)
was applied to determine the loading of silver in the initial and spent
catalyst using a Horiba Jobin Yvon (Longjumeau, France) Ultima
apparatus. Prior to the analysis the solids were dissolved by aqua regia,
followed by digested in a microwave oven, diluted and analyzed in the
spectrometer.

A procedure for betulin oxidation and the analytical methods for
determining changes in the concentration of betulin and its oxidation
products during the reaction are described in detail in the previous
communications [32-36]. The reaction scheme of betulin oxidation with
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air over supported Ag NPs catalysts, as well as the main products of its
oxidation are shown in Fig. 1. The scheme also includes formation of
oligomers and polymeric type of compounds as discussed in [32].

Typically, betulin and the catalyst were mixed in mesitylene (total
solution volume 100 mL) and the reactant gas was bubbled through the
liquid (flow rate 50 mL min’l) at a certain temperature under constant
stirring (500 rpm). Kinetic experiments were performed in the temper-
ature range of 80-140 °C using 0.05 — 0.4 g catalyst and the initial
betulin concentration varied from 1.13 mmol/L — 9.04 mmol/L. In
addition, the oxygen content in the gas atmosphere was changed from
0% to 100% by adjusting the oxygen level with nitrogen (Table 2).

It should be noted in this section that without the catalyst, the betulin
conversion for 6 h was only 4%. In order to exclude the possible course
of betulin oxidation without the catalyst, as well as homogeneous
catalysis, resulting from the leaching of silver from the catalyst surface
during betulin oxidation, the following catalytic tests were performed:
1. 0.2 g of betulin was dissolved in 100 mL of mesitylene (the initial
concentration of betulin was 4.52 mmol/L), then the solution was
heated to 140 °C and bubbled with air (flow rate 50 mL min—1) for 6 h
with constant stirring (500 rpm); 2. 0.2 g of betulin was dissolved in 100
mL of mesitylene (the initial concentration of betulin was 4.52 mmol/L),
then 0.2 g of the catalyst was added, further the solution was heated to
140 °C under constant stirring (500 rpm) and air was bubbled through

Table 2
The values of experimental variables (temperature, catalyst loading, initial
betulin concentration and oxygen content).

Entry T (°C) Meaalyst (8) Co,Betulin (Mmol/L) Oxygen content (%)

1 140 0.05 4.52 21
2 140 0.1 4.52 21
3 140 0.2 4.52 21
4 140 0.4 4.52 21
5 80 0.2 4.52 21
6 100 0.2 4.52 21
7 120 0.2 4.52 21
8 140 0.2 4.52 0
9 140 0.2 4.52 12
10 140 0.2 4.52 17
11 140 0.2 4.52 30
12 140 0.2 4.52 48
13 140 0.2 4.52 100
14 140 0.2 1.13 21
15 140 0.2 2.60 21
16 140 0.2 3.39 21
17 140 0.2 6.78 21
18 140 0.2 9.04 21

Betulin

st’»s

Oligomers

Polymers

Betulone

Betulinic aldehyde

Fig. 1. The reaction scheme for betulin oxidation with air over supported Ag NPs catalysts.
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the liquid (flow rate 50 mL/min) until a betulin conversion of 20% is
achieved. After that, the hot solution was filtered to separate the cata-
lyst, and then the betulin oxidation was continued under the same
conditions, but without the catalyst. To minimize the limitations of mass
and heat transfer, catalyst particles with a size of 50 pm and a high
stirring rate of 500 rpm were used. Additionally, an experiment was
carried out with a catalyst particle size of ca. 100 pm.

The samples were withdrawn from the reaction medium at regular
intervals and analyzed on a Crystallux-4000 M Meta-chrome gas chro-
matograph (Yoshkar-Ola, Russia) equipped with an Agilent HP-1 (Santa-
Clara, CA, USA) capillary column. Silylation of the samples by a mixture
of pyridine, N,O-bis(trimethylsilyDtrifluoroacetamide and trimethylsilyl
chloride (1:4:1 vol ratio) was followed by heating in an oven (70 °C for
45 min) prior to GC-analyses. It should be noted that silylation prior to
GC analysis was used to obtain volatile derivatives of non-volatile
compounds (betulin and its oxo-derivatives) and to achieve a lower
detection limit of the analyzed substances.

The TOF values were calculated as the number of converted betulin
moles per mole of exposed active Ag site per unit time, according to the
following equation:

TOF — NBetulin 'e))
nAth

where npeqyin is the number of converted betulin moles, nag is the
number of silver moles, D is dispersion and t is a time equal to 900 s. The
dispersion was calculated based on the average size of Ag NPs deter-
mined by HRTEM.

3. Results and discussion

Table 3 summarizes the results of kinetic studies, reporting the
values of the initial rates (calculated for the first 5-15 min), TOF, betulin
conversion, yields of the reaction products and the mass balance closure
depending on the change of one of the four experimental parameters:
catalyst loading (0.05 - 0.4 g), temperature (80 - 140 °C), oxygen con-
centration in nitrogen (0 - 100%) and the initial betulin concentration
(1.13-9.04 mmol/L). The influence of each parameter will be discussed
below in detail.

Table 3
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3.1. Effect of initial betulin concentration

Fig. 2a shows the change in the initial rate calculated from the
products formed in the range from 5 to 15 min, depending on the initial
concentration of betulin. As can be seen from the presented data, the
initial rate increases with an increase in the initial betulin concentration
up to 3.39 mmol/L, passing thereafter through a maximum. This
behavior of the experimental curve is similar to the kinetic regularities
observed for reactions proceeding according to the Langmuir-
Hinshelwood mechanism. Namely, at low concentrations of betulin,
the degree of surface coverage with betulin is low, and all chemisorbed
betulin molecules can react with chemisorbed oxygen molecules. The
reaction rate increases to a maximum value at which the degree of
surface coverage with betulin is equal to the degree of surface coverage
with oxygen. With a further increase in the betulin concentration, the
surface is increasingly occupied by betulin, and the probability of
reacting chemisorbed molecules of betulin and oxygen being located on
neighboring centers decreases, and as a result, also the reaction rate.

The TOF value also increases to the initial betulin concentration of
3.39 mmol/L, then it decreases (Table 3, entries 3,14-18). At the same
time, for initial betulin concentrations of 6.78 and 9.04 mmol/1, the TOF
values are equal (Table 3, entries 17 and 18), and higher than for 4.52
mmol/L (Table 3, entry 3).

Betulin conversion decreases almost linearly with an increase in the
initial concentration of betulin (Table 3, entries 3,14-18), while the
mass balance closure expressed through GCLPA (closure in the liquid
phase balance by GC analysis) has the opposite dependence (Table 3,
entries 3,14-18). For simple first-order reactions, the conversion does
not depend on the initial concentration of the reactant and is determined
only by the reaction time. At the same time, the mathematical descrip-
tion for the first-order kinetics does not take into account the reaction
mechanism. Deviations from the first order of the reaction indicate a
complex course of the process. Possible reasons for the deviation may be
the occurrence of sequential/parallel/opposite reactions, leading to a
change in the order and mechanism of the reaction. In the current case,
both sequential (oxidation of betulone (B) and betulinic aldehyde (C) to
betulonic aldehyde (D)) and parallel reactions (polymerization/oligo-
merization and esterification) take place, explaining the observed de-
viation from the kinetic regularities for first-order reactions. Herewith
an increase in the GCLPA with an increase in the initial concentration of

The initial reaction rate (ro) calculated from formation of all products visible in GC analysis between 5 and 15 min, TOF calculated according to Eq. (1) during the first
15 min, liquid phase mass balance determined by GC analysis (GCLPA), betulin conversion after 6 h (X), Y, Y, Yp - yield of betulone (B), betulinic (C) and betulonic

(D) aldehydes, respectively.

Entry T(°C) Meatalyst (8)  Copetulin (mmol/ Oxygen content (%) o x 107> (mmol/min/gea) ~ TOF (s™')  GCLPA(%) X (%) Ys(%) Yc(%)  Yp(%)
L)

1 140 0.05 452 21 0.05 0.0033 97 5 <1° 1° 1?

2 140 0.1 4.52 21 1.35 0.0032 9% 8 <1° 2° 4"

3 140 0.2 4.52 21 9.58 0.0043 90 54 5°3% 779 29°(259)

4 140 0.4 4.52 21 3.63 0.0045 72 89 2P 5° 15°

5 80 0.2 452 21 0.02 0.0030 87 13 <1° <1° <1°

6 100 0.2 4.52 21 0.26 0.0030 87 13 <1° 1° 1°

7 120 0.2 452 21 1.37 0.0032 90 17 <1? 3° 57

8 140 0.2 452 0 1.49 0.0024 9% 45 4 8 23¢

9 140 0.2 4.52 12 5.95 0.0039 91 60 4° 6° 23°

10 140 0.2 452 17 12.46 0.0053 90 56 4° 6° 23°

11 140 0.2 452 30 7.50 0.0042 90 55 4° 5¢ 24°

12 140 0.2 4.52 48 5.82 0.0040 92 53 4¢ 7¢ 23¢

13 140 0.2 4.52 100 4.47 0.0038 92 39 3° 7° 247

14 140 0.2 1.13 21 2.38 0.0028 64 93 2P 5° 11°

15 140 0.2 2.26 21 3.80 0.0047 72 85 2P 5" 12°

16 140 0.2 3.39 21 12.54 0.0064 79 64 3P 6" 21°

17 140 0.2 6.78 21 7.98 0.0052 91 26 <1° 3° 14°

18 140 0.2 9.04 21 2.70 0.0052 93 17 <1? 3° 7°

 yield after 6 h.
b yield at 50% of betulin conversion.
¢ yield at 40% of betulin conversion.
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1rox 1073, mmol/min/g,,

70 80 90 100 110 120 130 140 150

Temperature, °C

b)

&)

Betulin concentration, mmol/L
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Time*m,, min*g

d)

Fig. 2. Betulin oxidation over Ag/Al catalyst. The initial reaction rates for formation of products between 5 and 15 min in betulin oxidation as a function of: (a) the
initial betulin concentration, (b) temperature, (c) O, concentration in the reactant gas. (d) Concentration of betulin as a function of normalized time (time multiplied

by catalyst mass).

betulin seems to be associated with a decrease in the available specific
surface area compared to the amount of betulin.

It can be noted that regardless of the initial concentration of betulin,
the main product of its oxidation is betulonic aldehyde (D), followed by
betulinic aldehyde (C) and betulone (B), respectively (Table 3, entries
3,14-18). Since the initial concentration of betulin predetermines its
conversion and the GCPLA, and accordingly, it also affects the yields of
products. The yields of the products increase up to the initial betulin
concentration of 4.52 mmol/L, following by their decline (Table 3, en-
tries 3,14-18).

3.2. Effect of catalyst loading

In the absence of catalyst deactivation or without the effect of gas/
liquid mass transfer limitations, the curves describing the dependence of
the substrate concentration on the normalized time (i.e. time multiplied
by the mass of the catalyst) should coincide [33,55-57]. An experiment
using a catalyst (Ag/Al) with different particle sizes, namely 50 and 100
pm, showed that the betulin conversion in the first and second cases is
very close and amounts to 54 and 58%, respectively. Thereby, it can be
assumed that in the present study, the impact of limitations caused by
gas/liquid mass transfer is negligible. At the same time, the highest

betulin conversion and TOF were achieved using the largest amount of
catalyst (Fig. 2d, Table 3, entries 1-4), which indicates the presence of
catalyst deactivation. Herewith the catalyst deactivation was less pro-
nounced when using the largest catalyst loading due to the higher
available surface area per the amount of betulin.

Possible reasons for the catalyst deactivation can be: impurities in
the used reagents, silver leaching, sintering of silver nanoparticles and/
or change in the electronic state of silver, an alteration of the textural
properties of the catalyst surface, strong adsorption of the substrate/
products or side products on the catalyst surface, as well as blocking of
the pores by coke.

In our previous study [32], it was found that oligomeric and poly-
meric structures with molecular weights of 1000 and 5000 Da are
formed on the catalyst surface during betulin oxidation with synthetic
air over Au NPs catalysts. Formation of these structures was responsible
for the mass imbalance between the theoretical values of GCLPA (100%)
and the experimentally measured ones, and their strong adsorption on
the catalyst surface was considered as one of the reasons for catalyst
deactivation. In our subsequent studies [33,37], the value of the mass
balance closure (GCPLA) was considered as description of deactivation,
indicating occurrence of the side reactions of oligomerization, poly-
merization and/or esterification. In the current study, the mass balance
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closure decreases with the increasing catalyst loading (Table 3, entries
1-4). Comparing the values of GCPLA, betulin conversion and product
yields, it can be assumed that the contribution of side reactions increases
with increasing catalyst loading (Table 3, entries 1-4). At the same time
no new substances were found during GC analysis, thereby indicating
formation of products with a higher molecular weight. Thus, the strong
adsorption of such compounds on the catalyst surface may be one of the
reasons for its deactivation.

Analyzing the effect of catalyst loading on the yield of betulone (B),
betulinic (C) and betulonic (D) aldehydes (Table 3, entries 1-4), it can be
said that they increase up to a catalyst loading of 0.2 g, then, due to the
occurrence of side reactions, blocking part of the active surface of the
catalyst, the yields decrease, despite an increase in betulin conversion. A
similar effect of the catalyst loading on the yield of products was pre-
viously observed for the betulin oxidation over supported Au NPs cat-
alysts [33]. In all cases, the main product of betulin oxidation is
betulonic aldehyde (D), then betulinic aldehyde (C) and betulone (B)
(Table 2, entries 2-4), except for 0.05 g of catalyst (Table 3, entry 1).

3.3. Effect of temperature

The effect of temperature on the initial rate of the betulin oxidation is
clearly demonstrated in Fig. 2b. The initial reaction rate, TOF, betulin
conversion, and yields of betulone (B), betulinic (C) and betulonic (D)
aldehydes increase with increasing reaction temperature (Fig. 2b,
Table 3, entries 3, 5-7). In this case, the mass balance closure is weakly
dependent on temperature and varies in the range 87-90% (Table 3,
entries 3, 5-7).

The activation energies of the formation of betulone (B), betulinic
(C) and betulonic (D) aldehydes were determined according to the
Arrhenius equation using the initial rate for formation of betulone (B),
betulinic (C) or betulonic (D) aldehydes between 5 and 15 min.

The activation energy for betulone (B), betulinic (C) and betulonic
(D) aldehydes formation calculated from the slope of the Arrhenius plot
was found to be 44, 183 and 101 kJ/mol, respectively. For comparison,
the activation energy of betulone formation in betulin oxidation with
synthetic air over Au NPs catalyst was previously reported to be 38 kJ/
mol [33]. The obtained values of activation energy explain why the main
product of betulin oxidation over supported Ag NPs catalysts is betulonic
aldehyde (D), formed as a result of betulone (B) oxidation.

3.4. Effect of O concentration

Fig. 2¢ shows dependence of the initial rate of the betulin oxidation
on the oxygen concentration in the reactant gas (from 0 to 100% in
nitrogen). The highest initial reaction rate was observed when the ox-
ygen content in the reactant gas was 17 vol.%; with an increase or
decrease in the oxygen concentration in the reactant gas, a decrease in
the initial reaction rate was observed (Fig. 2c, Table 3 entries 3, 8-13).
As in the case of a change in the initial betulin concentration (reagent I),
a change in the concentration of oxygen (reagent II) in the reactant gas
leads to a curve typical for the Langmuir-Hinshelwood mechanism. This
is, however, a special type of the Langmuir-Hinshelwood mechanism, as
adsorption of oxygen on silver is accompanied by its dissociation [58,
59], while at a high coverage, non-dissociative (molecular) adsorption
of oxygen takes place [60]. Furthermore, in the surface layers of silver,
oxygen dissolves in the metal in the form of strongly bound atomic ox-
ygen replacing silver atoms in the fcc lattice of the metal and/or surface
oxygen penetrating into the octahedral holes of the near-surface layers
of the fcc silver lattice [61-63]. The possibility of the existence of two
forms of atomically adsorbed oxygen on the silver surface was sub-
stantiated in [58,63]: (1) oxyradical, equivalent to the electrophilic state
of adsorbed oxygen, and (2) oxide, considered as the nucleophilic state
of oxygen. Electrophilic oxygen is absorbed directly on the silver surface
and resembles oxygen in AgO in terms of its properties. Formation of this
state occurs without reconstruction of the silver surface. The formation
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of the nucleophilic state of oxygen is directly related to the recon-
struction of the silver surface. The nature of the Ag-O bond in this case is
close to the bond in bulk oxide Ag,0 and high ionicity of the Ag-O bond
ensures the transition of silver atoms to the ionic form Ag". Taking into
account all the presented above features of the oxygen interactions with
the silver surface, it is obvious that in this case the mechanism of oxygen
adsorption on the catalyst surface is more complex than in the classical
representation of the Langmuir-Hinshelwood mechanism.

The dependence of TOF on the oxygen concentration in the reactant
gas is similar to the corresponding dependence for the initial reaction
rate (Fig. 2c). That is, the TOF value increases to the oxygen concen-
tration of 17 vol.%, followed by its decrease with increasing oxygen
concentration (Table 3 entries 3, 8-13).

The betulin conversion slightly depends on the O, concentration in
the reactant gas in the range of 17-48 vol.% (Table 3, entries 3, 10-12),
while the highest conversion of betulin was achieved at an oxygen
concentration of 12 vol.% (Table 3, entry 9), at the same time its lowest
values were obtained for neat nitrogen and oxygen (Table 3, entries
8,13). The mass balance closure mildly depends on the concentration of
oxygen in the reactant gas, namely in the range from 12 to 100 vol.% O5
GCPLA varies between 90 and 92% (Table 3, entries 3, 9-13). At the
same time, the highest mass balance closure (96%) was observed when
using 100% nitrogen as a reactant gas (Table 3, entry 8). At the same
level of betulin conversion, the yields of betulone (B), betulinic (C) and
betulonic (D) aldehydes vary within 3-4, 5-8 and 23-25%, respectively
(Table 3, entries 3, 8-13). Thus, the yields of betulin oxidation products
insignificantly depend on the oxygen concentration in the reactant gas.
In all cases, the main reaction product was betulonic aldehyde (D),
followed by betulinic aldehyde (C) and betulone (B).

For in depth understanding of the observed influence of the oxygen
concentration in the reactant gas on the catalytic behavior of supported
Ag NPs catalysts, a number of additional physicochemical studies were
carried out. In particular, in order to simulate the reaction conditions
and thereby find out what happens to the catalyst under the action of a
reactant gas of different compositions, the initial sample (Ag/Al) was
pretreated in different ways (air, neat Oy or neat N3) at 150 °C for 1 h.
Then, the changes in the electronic state of silver, size and distribution of
Ag NPs on the support surface were evaluated.

Based on the data presented in Fig. 3, one can clearly trace how the
electronic state and the average size of Ag NPs change under the influ-
ence of the pretreatment atmosphere/reactant gas composition. Ac-
cording to XPS data, in the initial sample (Ag/Al), the fraction of silver in
the metallic state was 94% (also taking into account 25% of silver in the
form of silver clusters (Agg) with size below 2 nm), while the average
size of Ag NPs was 2.6 nm (Fig. 3a) [37]. After the Ag/Al material was
subjected to subsequent treatment in a nitrogen atmosphere at 150 °C
for 1 h, the amount of silver in the metallic state did not change (taking
into account also 16% of silver in the form of silver clusters (Agg) with
size below 2 nm), however, the average size of Ag NPs changed to 6.5
nm (Fig. 3b). In the case when the Ag/Al material was pretreated in air
or in 100% O, at 150 °C for 1 h, the amount of silver in the metallic state
decreased to 57 and 40%, and the average size of Ag NPs increased to 4.7
and 27.1 nm, respectively (Fig. 3c, d). Separately, it should be noted that
despite the fact that the mean size of silver NPs for Ag/Al pO,(100) was
27.1 nm, 23% of silver particles on its surface still have a size lower than
3 nm (Fig. 3d). For the initial catalyst, as well as pretreated in air and
neat nitrogen, these values were 92, 52 and 25%, respectively
(Fig. 3a—c). Thus, additional treatment of Ag/Al catalyst in an atmo-
sphere of nitrogen, oxygen, or their mixture of 21% O and 79% Na,
leads to an increase in the average size of Ag NPs. At the same time, it
should be noted that the pretreatment of Ag/Al catalyst in air or neat O,
along with an increase in the average NP size, also results in a decrease
in the fraction of silver in the metallic state. These results show that the
composition of the reactant gas significantly affects the physicochemical
properties of silver catalysts under the studied conditions (the electronic
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Fig. 3. (continued).

state of silver, the size and distribution of Ag NPs on the support sur-
face), reflecting complexity of oxygen interactions with silver. The fea-
tures of these interactions are also visible in the catalytic properties of
silver catalysts (Fig. 2b, Table 3, entries 3, 8-13).

Further in order to understand how the electronic state of silver and
the average size of Ag NPs change during the catalytic process, the
catalysts were studied by XPS and HRTEM after 5, 30, and 360 min of
betulin oxidation with air at 140 °C (Fig. 3e, f, g). As can be seen from the
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data presented in Fig. 3e, after 5 min of the reaction, the average size of
Ag NPs reaches 5.5 nm, while this value was 2.6 nm for the sample
before the reaction (Ag/Al, Fig. 3a). At the same time, the fraction of
silver in the metallic state remained at 94% (taking into account 11% of

silver in the form of silver clusters (Agg) with size below 2 nm). After 30
min of the reaction, the fraction of metallic silver decreased to 60%, and
the average size of Ag NPs reached 10.1 nm (Fig. 3f). These values for
the sample after 360 min (Ag/Al_sp360) (Fig. 3g) were 42% and 38.6
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nm, respectively.

The observed patterns in the change of the average size of Ag NPs
and its electronic state under the influence of the pretreatment atmo-
sphere/reactant gas composition and reaction conditions are also
confirmed by UV-vis DRS (Fig. 4). Absorption at 277 nm corresponds to
the charge transfer band in Agﬁ+ clusters (n = 2-7) [64-70], while the
absorption band at 320 nm is associated with large aggregates of silver
particles and/or a surface film of silver (interzonal transitions of elec-
trons and the intrinsic photoelectric effect) [71]. The intensity of the
absorption bands at 277 and 320 nm increases after the reaction for
(Ag/Al_sp360), as well as after changing from neat nitrogen (Ag/Al_pNs)
to neat oxygen (Ag/Al_p0O2(100)). This is due to partial oxidation of
metal clusters and aggregation of silver particles upon the treatment and
exposure to the reaction conditions. The plasmon resonance signal
(450-470 nm) corresponding to the metal particles of a certain size was
not observed in the UV-vis DR spectra of the studied materials.

The above results demonstrate the evolution of silver catalysts sur-
face under the impact of pretreatments/composition of the reactant gas
(0 - 100% of oxygen in nitrogen) and during catalysis (air - reactant gas,
temperature - 140 °C, mesitylene - solvent, betulin - substrate). A com-
parison of the obtained results with the literature data is not straight-
forward. In fact, there are almost no studies dealing with the exploration
of silver catalysts for the liquid-phase oxidation of organic substrates
with oxygen or air, including alcohols [38,39]. Moreover, the reaction
conditions used in current study are different, in particular the process
temperature (140 °C), which is on average 40-80 °C higher than typi-
cally used for liquid-phase oxidation of most common alcohols. The
paper [72] considers issues related to the influence of temperature on
the agglomeration of metals and oxides from the point of view of the
driving forces of dissociation and diffusion of surface atoms. With an
increase in temperature, the lattice vibration of surface atoms increases,
reaching the Hiittig temperature (0.3 of the melting temperature), and
the surface atoms in the places of defects (edges, corners, etc.) can
dissociate and diffuse over the surface. When the Tamman temperature
(0.5 of the melting temperature) is reached, the bulk atoms also become
mobile. Taking into account that the Hiittig and Tamman temperatures
for metallic silver are 97 and 344 °C, respectively, it can be assumed that
at the temperature of betulin oxidation (140 °C), dissociation and sur-
face diffusion of only weakly bound surface silver atoms can occur.
Under the impact of pretreatments/composition of reactant gas or re-
action conditions, in particular air or neat oxygen, the electronic state of
silver changes, namely, part of the metallic silver is oxidized to silver
oxide (Fig. 3). The latter has the Hiittig and Tamman temperatures equal
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Fig. 4. UV-vis DR spectra of Ag catalysts: Ag/Al (purple); Ag/Al_pN; (cyan);
Ag/Al_p0Oy(21) (red); Ag/Al_pO,(100) (green); Ag/Al_sp360 (dark blue).
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to 84 and 140 °C, respectively. It can be assumed that agglomeration of
silver observed in the current study during catalytic process can occur as
a result of a change in the electronic state of silver. This is followed by
surface diffusion, collision and coalescence of silver oxide with the
subsequent formation of larger silver particles. In addition, as postulated
in [73], on the surface of silver catalysts with an average size of Ag NPs
lower than 3 nm, contains a high fraction of low-coordinated Ag atoms,
promoting the adsorption and dissociation of oxygen molecules, which
ultimately leads to the oxidation of small metal NPs. Taking into account
that in the initial catalyst (Ag/Al), the fraction of Ag NPs lower than 3
nm is 92% (Fig. 3a), accordingly, in the current case, oxidation of the
metal particles is fast, while an oxidizing environment (air) is likely to
prevent a fast reverse transition of silver oxide into silver metal.
Thereby, the Ag0 < Ag" equilibrium is altered, and a relatively high
temperature (140 °C) promotes the diffusion of silver oxide over the
catalyst surface.

When Ag/Al sp360 was reused in betulin oxidation, the betulin
conversion reached only 2% and TOF decreased by 11 fold (Table 4,
entry 2), which indicates almost complete deactivation of the catalyst in
the first reaction cycle. To understand the origin of catalyst deactivation,
Ag/Al sp360 was pretreated in a mixture of Hy in nitrogen at 300 °C for
1 h and studied in betulin oxidation (Table 4 entry 3). As can be seen
from Table 4, the conversion of betulin and TOF for Ag/Al sp360_pHay
were only 5% and 0.0006 s~ 1, respectively, while the average size of Ag
NPs and the fraction of the metallic silver for this sample were 12.5 nm
and 80%, respectively (Fig. 3h, Table 4, entry 3). Thus, it is obvious that
the average size of Ag NPs and the fraction of the metallic silver are not
the only factors determining deactivation of the supported Ag NPs cat-
alysts in betulin oxidation. Another determining factor can be strong
adsorption of the substrate/products or side products on the catalyst
surface, while the high-temperature treatment of the catalyst in the
mixture 20% Hj + 80% N3 at 300 °C leads, most likely, to carbonization
of the catalyst surface. This assumption was confirmed by the XPS
analysis of this material, for which the carbon content increased 2.3 fold
compared to the initial catalyst (Ag/Al). Deactivation by strong
adsorption of the substrate/products or coking is also evidenced by ki-
netic data (Fig. 2a,d). In addition, the specific surface area (Sggr), the
average size and the pore volume for Ag/Al sp360, being respectively
190 m?%/g, 5.8 nm and 0.38 cm®/g confirmed pore blocking as the cor-
responding values for the starting material (Ag/Al)  were 249 m?/g,
6.3 nm and 0.50 cm®/g, respectively [37]. Another evidence of strong
adsorption of organic deposits on the Ag/Alsp360 surface is the
appearance of CO3 in the reaction products during the pretreatment of
this sample in a mixture of 21% O and 79% N> at 500 °C for 3 h. After a
sequential treatment of Ag/Al_sp360, first in a mixture of 21% O3 and
79% N5 at 500 °C for 3 h, then in a mixture of 20% H, and 80% N at 300
°C for 2 h, betulin conversion and TOF for this catalyst were 41% and
0.0042 s, respectively (Table 4, entry 4). In addition, for
Ag/Al_sp360_pOs_pH,, the average size of Ag NPs and the contribution
of metallic silver were 4.0 nm and 85%, respectively (Table 4, entry 4;
Fig. 3i). Separately, it should be noted that, according to the XPS results,
no extraneous elements were detected on the surface of the studied
materials, indicating absence of catalytic poisons in the used reagents,
ruling out poisoning as the cause of catalyst deactivation. In addition,
elemental analysis by ICP-OES showed that the silver loading for the
spent catalyst (2.5 wt.%) decreased by only 10% compared to the initial
one (2.8 wt.%), being within the error of the method. Subsequently,
leaching even if present, cannot account for severe deactivation. This is
also confirmed by hot-filtration experiment. After removing the catalyst
from the reaction media, no further increase in betulin conversion was
observed.

Thus, it can be concluded that deactivation of the supported Ag NPs
catalyst in the oxidation of betulin has a cumulative character and was
caused by an increase in the average size of Ag NPs, a decrease in the
fraction of metallic silver, and strong adsorption of the substrate/
products on the catalyst surface as well as coking. Separately, it is worth
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Table 4
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Influence of the reaction conditions on the catalytic, structural, and electronic characteristics of supported Ag NPs catalysts.

Entry  Catalyst 1o x 1073 (mmol/ TOF X GCLPA Ys Yc Yp Ag average particle size Fraction of Ag in the metallic
min/gear) ™ (%) (%) (%) (%) (%) (nm) by HRTEM state (%) by XPS

1 Ag/Al 9.58 0.0043 54 90 3 7 25 2.6 94

2 Ag/Al_sp360 0.23 0.0004* 2 99 <1 1 <1 38.6 42

3 Ag/Al_sp360_pH; 0.63 0.0006° 5 99 <1 1 3 12.5 80

4 Ag/ 4.61 0.0042% 41 89 2 5 23 4.0 85

Al_sp360_pO,_pH,

1o - the initial rate calculated from formation of products between 5 and 15 min (mmol/min/g.,); X - conversion of betulin after 6 h (%); GCLPA (the mass balance
closure) - the sum of reactant and product masses in GC analysis after 6 h (%); Y, Yc and Yp, - yield of betulone (B), betulinic (C) and betulonic (D) aldehydes at 40%
conversion (%), except for Ag/Al sp360 and Ag/Al sp360 _pH,, for which the yields are presented at maximum conversion of 2 and 5%, respectively. Conditions: 140
°C, air (50 mL/min) as oxidant, solvent - mesitylene, initial betulin concentration - 4.5 mmol/L, 0.2 g of catalyst. *TOF was calculated on the assumption that silver

particles with a size of 3 nm are active, as previously revealed in [37].

noting that coke in this case refers to individual fragments of adsorbed
molecules that can also be broken down to carbon. Accordingly, taking
into account the adsorption of the substrate/products/byproducts on the
catalyst surface, the presence of coke cannot be excluded. A possible way
to reactivate the catalyst can be sequential pretreatment first in a
mixture of 21% O5 and 79% N» (air) at 500 °C for 3 h, and then in a
mixture of 20% H, and 80% N at 300 °C for 2 h.

3.5. Kinetic analysis

Kinetic analysis of betulin oxidation over Ag/Al catalyst was done
followed the previous work of the authors [32] where a network
comprising formation of oligomers (O) and finally polymers (P) was
proposed to account for a clear lack of mass balance closure (Fig. 1).
Similar to the previous work [32] oligomers were considered to origi-
nate from the reactant because of a lack of the mass balance closure
already at the beginning of experiments, even if in general other sub-
strates can lead to deactivation.

The equations for the reaction rates presented in Fig. 1 were written
based on the approach of Langmuir-Hinshelwood with competitive
adsorption of oxygen as illustrated below for the transformation of the
reactant to betulinic aldehyde (reaction 1 in Fig. 1):

ki KACy
(1 4+ KsCy + KsCp + KcCe + KpCp + Ko, Po,)
i ki1 KyCaKo,Po,

(14 K4sCy + K3C + KcCe + KpCp + Ko, Po, )

r =

(2)

where Cp, etc. is the concentration in mol/L, K is the adsorption coef-
ficient in L/mol and Py, is the pressure of oxygen in bar.

Two terms in Eq. (2) correspond to dehydrogenation of betulin in
anaerobic conditions and oxidation in the presence of air respectively,
thus giving different order in the denominator containing adsorption
terms. Oxygen was considered to adsorb without dissociation. In the
previous study [32] experiments were performed at one pressure of
oxygen, thus dependence of the oxygen concentration was implicitly
incorporated in the rate constants k;.

Similar to Eq. (2) expressions for reactions 2—4 the rate expressions
are essentially very much the same:

ko KaCo
(1 4+ K4Cs + KsCs + KcCc + KpCp + Ko, Po,)
n knKyCaKo,Po,
(14 K4Cys + KsCs + KcCe + KpCp + Ko, Po, )’

Iy =

3

ksKcCe
(1 4+ KoCy + KsCp + KcCe + KpCp + Ko, Po,)
i k33KcCcKo,Po,
(14 KsCys + KsCs + KcCe + KpCp + Ko, Po, )’

r3 =

4
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k4KpCp
(1 4+ KsCy + KpCp + KcCc + KpCp + Ko, Po,)
n k4 KpCyKo, Po,
(14 KsCs + KsCs + KcCc + KpCp + KOZPOQ)Z

Fqy =

)

While less mechanistic information is available on oligomerization and
polymerization, it is reasonable to assume that they are of the second
order, while depolymerization is of the first one.

ksK2C2
s — ; ©)
(1 4+ KsCy + KpCp + KcCc + KpCp + Ko, Po,)
r _ k—5 Kz)ligomer.x Co[igumem (7)
T 14 K\Cy + KsCp + KcCc + KpCp + Ko, Po,
K6 K otigomers C ojigomer
o = 6 lig oligomers (8)

(14 KsCs + K5Cs + KcCe + KpCp + Ko, Po, )’

As the main aim of the kinetic analysis was to illustrate applicability
of the mechanistic approach avoiding overparametrization only exper-
iments at one temperature (140 °C) were used in the modeling, also
taking into account that only few experiments were conducted at other
temperatures.

Deactivation of the catalyst, which was not considered in the pre-
vious kinetic analysis explicitly [32], in the current study was incorpo-
rated in the current work by assuming that the relative fraction of
catalytically sites f decreasing with reaction time according to:

©)

f= 9 — ¢ kaeactivationPoy t
do

where q, is the initial activity and a; is activity at time t.

Preliminary data fitting was done by assuming adsorption of all re-
actants. The initial parameter estimation demonstrated, however, that
even if the initial rate display a maximum vs the substrate concentration,
adequate description of the whole concentrations curve can be achieved
by considering only adsorption of oxygen.

The mass balance equations for the main reactants are

dc, dc, dC, dcC,
77::_fp(r1+rz+r57r,5); T::fﬂ(h*m)dff:f/’(rl*’s); TID
=fp(rs+r)
10$)

where p is the catalyst bulk density (the ratio of the catalyst mass to the
liquid volume).
The concentration of the oligomers and the polymers is respectively

a6,

dac
@ :f/’("S*hs*VG);T::fﬂfe 1)
the parameter estimation was performed with the simplex and
Levenberg-Marquardt methods solving the differential Eqs. (10) and
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Table 5
Calculated rate constants.

Constant Units Value Relative error,%
PkiKa min~? 16103 48.4
ST min~? 991072 59.9
koK min~! 6.11073 14.6
PkooKa min~? 0.04 18.2
PksKe min~! 1.4107* >100
pkaaKe min~! 211073 >100
Pk4Kg min~? 0.296 53.8
PkasKp min~! 5.56 55.3
pks L/mmol/min 21073 >100
Pks min~! 0.314 >100
ke L/mmol/min 0.33 >100
Kdeactivation min~! bar~! 9.41072 15.9
Koz bar~? 0.92 16.7

(11) with the backward difference method incorporated in the optimi-
zation software ModEst [74].

The objective function Q was defined as the sum of the squared
differences between the experimental and calculated concentrations of
all components. The values of kinetic parameters are given in Table 5,
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polymerization only for the reaction 3 the constants are poorly defined,
which is understandable as betulonic aldehyde can be generated from
both betulinic aldehyde and betulone not allowing discrimination be-
tween these pathways from the available data. The results of the cal-
culations (Fig. 5) along with the high value of the degree of explanation
(99.45%) illustrate that the model describes the experimental data
rather well, being also able to address catalyst deactivation, which was
omitted in the previous study [32].

4. Conclusions

In the current work, which is a continuation of a previous study of
the betulin liquid-phase oxidation with air over supported Ag NPs cat-
alysts, the kinetic regularities and the reasons of catalyst deactivation
were revealed, and an approach for the catalyst regeneration was
proposed.

The complex character of betulin oxidation, namely a consecutive-
parallel reaction network, was reflected by kinetic regularities.

Temperature, the initial betulin concentration, oxygen content in the
reactant gas, and catalyst loading, had a significant impact on the initial
reaction rate, betulin conversion, mass balance closure established

illustrating that beside the constants for oligomerization/ through GC analysis, and, accordingly, on the yield of the main
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oxidation products (betulone, betulinic and betulonic aldehydes). In
particular, betulin conversion was inversely dependent on its initial
concentration, which is not typical for first-order reactions. At the same
time, none of the varied experimental parameters affected the distri-
bution of reaction products; the main product of betulin oxidation, in all
cases, was betulonic aldehyde, followed by betulinic aldehyde and
betulone. It was due to the activation energy required for the formation
of these products. Betulonic aldehyde was formed as a result of betulone
oxidation with the lowest activation energy.

Betulin oxidation with air over supported Ag NPs catalysts follows
the Langmuir-Hinshelwood mechanism, which is clearly reflected in
dependence of the initial reaction rate on the reagent concentrations
(betulin and oxygen), displaying clear maxima.

An oxidizing environment and a relatively high temperature (140 °C)
resulted in significant changes in the active surface of the catalyst. The
equilibrium Ag® < Ag* was shifted towards formation of silver oxide,
while a higher mobility of the latter at 140 °C led during the catalytic
process to an increase in the average size of silver NPs by almost 15 fold
and a broader cluster size distribution. Similar changes were also
revealed by varying the oxygen concentration in the reactant gas. Sub-
sequently, aggregation of Ag NPs and a decrease in the fraction of
metallic silver are one of the reasons for deactivation of nanosilver
catalysts. Another reason was strong adsorption of the substrate/prod-
ucts on the catalyst surface as well as coking. The cumulative character
of deactivation required a two-stage regeneration technique, namely,
first in a mixture of 21% O, and 79% N, (air) at 500 °C for 3 h, followed
by exposing to a mixture of 20% Hy and 80% N3 at 300 °C for 2 h.

Kinetic analysis was performed, illustrating that the Langmuir-
Hinshelwood type of models considering competitive adsorption of ox-
ygen and organic compounds as well as oxygen pressure dependent
catalyst deactivation, can adequately describe experimental data.
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