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The current work is the ﬁrst study concerning the liquid-phase oxidation of n-octanol and betulin over modiﬁed
and unmodiﬁed Ag/TiO2 catalysts. Catalytic activity of nanosilver catalysts supported on titania for alcohols
selective oxidation can be enhanced by modiﬁcation of the support with Ce, Fe or Mg oxides. In most cases
reductive or oxidative pretreatments of these catalysts were detrimental for their activity. The main reason for
performance of Ag/MxOy/TiO2 catalysts is changes of the electronic state of the supported Ag, and especially
changes in the surface concentration of Ag+ ions. Monovalent Ag+ ions are active sites in silver-containing
catalysts for n-octanol, as well as for betulin oxidation. The obtained results show a potential of silver-containing
catalysts for liquid phase oxidation of alcohols, and by selecting the optimum modiﬁer and the support as well
as, pretreatment conditions the catalytic properties and stabilization of the active sites can be optimized.

1. Introduction
Development of sustainable chemical processes implies utilization
of renewable feedstocks and design for energy eﬃciency, conducting
them under the lowest pressure and temperature, avoiding if possible
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the use of auxiliary substances, adhering to the principles of atom
economy, and preventing wastes and a negative environmental impact.
Selective oxidation of alcohols is one of the key transformations in
organic synthesis and in industrial practice, with a global annual production of carbonyl compounds of 10,000 million t/yr at the end of
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Scheme 1. Reaction scheme for betulin oxidation.

activated carbon in the selective liquid-phase oxidation of diﬀerent
alcohols (including oxidation of n-octanol) using a special screening
approach: ﬁve to six catalyst samples were mixed and tested simultaneously. Thereby, a synergetic eﬀect between ceria nanoparticles and
silver-impregnated silica (10 wt% Ag–SiO2) was found using a physical
mixture of them. The catalytic activity was strongly dependent on the
silver loading, the amount of ceria, and especially the calcination procedure. In addition, presence of ceria increased catalytic activity of all
investigated catalysts. However, despite a rather high activity (for example, n-octanol conversion after 45 min was 29%), this process was
carried out at a suﬃciently high pressures (2.5–5.0 MPa) and temperatures (100–200 °C). In addition, reuse of the catalyst led to a decrease of alcohol conversion from 98% to 16%, which is a very signiﬁcant disadvantage.
On the current work feasibility of using nanosilver catalysts to
oxidize selectively less reactive alcohols, such as n-octanol, was elucidated under conditions close to the requirements of “green chemistry”:
atmospheric pressure, a non-toxic solvent, no alkaline additives and
initiators, and a relatively low temperature.
In the present work for comparison Ag-containing catalysts were
applied for liquid phase oxidation of betulin (lup-20(29)-ene-3,28-diol,
C30H50O2, CAS: 473-98-3) – pentacyclic triterpenoide of lupane series,
which is present in the bark of some tree species, such as Betula sp.
[34,35]. Betulin, and especially its oxo-derivatives (betulone, betulinic
and betulonic aldehydes, betulinic and betulonic acids, as well as their
derivatives) have valuable biologically active properties (for example,
exhibit a multitude of pharmacological properties ranging from antitumor, antiinﬂammatory, antiparasitic, anti-HIV activities, etc.) and are
of exceptional interest for the pharmaceutical, cosmetic and food industries [36,37]. The reaction scheme for betulin oxidation is shown in
Scheme 1. In nowadays, the main method of synthesis of betulin oxoderivatives is by oxidation. The most commonly used oxidants are Cr
(VI) compounds in a strongly acidic medium, for example, the Jones’s
reagent [36]. However, despite numerous studies aimed at modifying
the method of betulin oxidation by the Jones’s reagent, production of
oxo-derivatives is rather complex and challenging being characterized
by a low yield of the target products (50–65%), low temperature (−5 °C
to 10 °C) and duration of the synthesis (up to 24 h), low selectivity
leading to a mixture of products, as well as complexity of toxic Cr(III)
utilization and very toxic residual of Cr(VI). Accordingly, extraction of a
pure product requires complex puriﬁcation, a use of a large number of
diﬀerent types of organic solvents and various methods for utilization
Cr(III). Besides chemical modiﬁcations, several attempts of biological
transformation of betulin by means of microorganisms were undertaken
[38]. However, biotransformations of betulin using opportunistic yeast,
fungi, etc. have signiﬁcant drawbacks, since they require complex

20th century [1]. Currently most of industrial alcohol oxidation processes are based on the use of stoichiometric oxidizing agents and/or
alkalis, and thus are not environmentally friendly. Catalytic oxidation
processes have opened up a possibility of obtaining carbonylic compounds using oxidizing agents such as air or oxygen. In particular,
catalysts based on noble metal nanoparticles have allowed approaching
the aforementioned sustainability criteria, due to their extraordinary
activity under very mild reaction conditions.
Linear primary alkanols are the least reactive for oxidation type of
alcohols, with their reactivity decreasing with an increase of the carbon
chain. This makes n-octanol a convenient model compound for comparative studies of catalysts for oxidation of alcohols [2]. Since n-octanol is more diﬃcult to oxidize than most commercially important
alcohols, catalysts active in its oxidation will be more eﬀective in similar processes.
Nanogold catalysts are frequently used in the literature for selective
oxidation of alcohols [3,4], however, their drawbacks include: high cost
and fast deactivation during reaction or after prolonged storage [5]. As
an alternative, catalytic systems based on silver exhibit lower activity
than supported gold in a number of processes, being more active
compared with many oxide and metal catalysts, they are much more
stable and cheaper than gold-containing systems. Despite this, there are
less than 20 papers devoted to liquid-phase oxidation of alcohols on
silver catalysts [6–21]. This is surprising, as silver catalysts are excellent in gas-phase oxidations such as epoxidation of ethylene [22],
synthesis of formaldehyde [23], neutralization of NOx [24], selective
oxidation of ammonia [25], gas-phase partial oxidation of benzyl alcohol [26], oxidative coupling of methane [27], oxidation of styrene
[28], selective oxidation of ethylene glycol [29], CO oxidation [30–33],
etc.
Nevertheless, and despite a small number of studies devoted to liquid-phase selective oxidation of alcohols using silver-containing catalysts, it is obvious that these systems have a potential in such processes, being able to replace existing expensive catalysts based on
platinum-group metals and gold.
To the best of our knowledge only two papers devoted to n-octanol
oxidation using silver catalysts were published [6,15]. Wang et al. [6]
proposed a method of selective liquid-phase oxidation of benzyl and
allyl alcohols in the presence of sodium carbonate using AgNO3 (2 mol.
%) as a catalyst in the presence of Na2CO3 (2 mmol), and air as an
oxidant. The main disadvantage of their approach is the use of sodium
carbonate, which leads to formation of undesired by-products and
waste. The second important drawback is the complexity of extracting
the catalytic system from the reaction medium and impossibility of its
reuse. Beier et al. [15] investigated activity of a number of silver catalysts supported on SiO2, Al2O3, celite, CeO2, kaolin, MgO, and
111
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Titania P25 from Evonik (45 m2g−1, nonporous, 70% anatase and
30% rutile, purity > 99.5%) was used as a starting support. Ce
(NO3)3·6H2O, Fe(NO3)3·9H2O and Mg(NO3)2·6H2O (Aldrich) were used
as modiﬁer (M) precursors and AgNO3 (Aldrich) as a silver precursor.
Prior to any use, TiO2 was dried in air at 100 °C for at least 24 h.
Modiﬁed supports with a molar ratio Ti/M = 40 were prepared by
impregnation of the initial TiO2 with 2.5 cm3/g of aqueous solutions of
the corresponding nitrates. The impregnated supports were dried at
room temperature for 48 h, then at 110 °C for 4 h and ﬁnally calcined at
550 °C for 4 h.
Ag/TiO2 and Ag/MxOy/TiO2 (M = Ce, Fe, Mg) catalysts with 2.3 wt
% Ag nominal loading were prepared by deposition-precipitation with
NaOH in the absence of light. To 54 ml of an aqueous solution containing AgNO3 (4.2 × 10−3 M), 1 g of TiO2 was added, thereafter the
mixture was heated to 80 °C, the initial pH was ∼3 followed by pH
adjustment to 9 by adding dropwise a solution of NaOH (0.5 M). The
suspension was kept at 80 °C for 2 h under vigorous stirring.
After precipitation, all samples were centrifuged, washed four times
with 100 ml of distilled water followed by centrifugation then dried
under vacuum for 2 h at 80 °C. After preparation, the samples were
stored at room temperature in a desiccator under vacuum, in a place
protected from light.

in transmittance mode with 4 cm−1 resolution. In situ experiments were
carried out in a quartz cell with NaCl windows. The sample powder was
pressed into disks of 13 mm diameter and ∼20 mg weight. For each
catalyst three samples were investigated: as-prepared, and after pretreatments either in H2 or in O2 (100 Torr) at 300 °C for 1 h and then
cooled down for room temperature. Thereafter, H2 or O2 was evacuated
and CO adsorption (Matheson Research grade, P0 = 30 Torr) was carried out. CO spectra presented in this work were obtained by subtracting the gas phase CO spectrum.
Due to conditions of equipment utilization, prior any other characterization the samples were pretreated in hydrogen at 300 °C for 1 h.
Textural properties of catalysts and supports were determined from
nitrogen adsorption-desorption isotherms (−196 °C) recorded with a
Micromeritics TriStar 3000 apparatus. Prior to experiments, the samples were degassed at 300 °C in vacuum for 5 h. The adsorbed N2 volume was normalized to standard temperature and pressure. The speciﬁc surface areas (SBET) of the samples were calculated by applying the
BET method to the nitrogen adsorption data within the P/P0 range
0.05–0.25.
X-ray powder diﬀraction was conducted by the step-scanning procedure (step size 0.02°; 0.5 s) with a Philips XPert PRO diﬀractometer,
using Ni-ﬁltered CuKα (λ = 0.15406 nm) radiation. Assignment of
crystalline phases was based on the ICDD-2013 powder diﬀraction
database.
High resolution transmission electron microscopy (HR TEM) studies
were carried out using a JEOL JEM-2100F microscope operating with a
200 kV accelerating voltage. The samples were ground into a ﬁne
powder and dispersed ultrasonically in hexane at room temperature.
Then, a drop of the suspension was put on a lacey carbon-coated Cu
grid. At least ten representative images were taken for each sample. A
particle size distribution was obtained by counting at least 100 particles
for each sample. Silver contents were measured by energy dispersive
spectroscopy (EDS) in the same system equipped with a Kevex Superdry
detector. Elemental mapping was carried out by EDS with an X-Max
device from Oxford Instruments.
The samples 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 Kα X-rays (1486.6 eV,
200 W). A pass-energy of 50 eV, a step size of 0.1 eV/step and a highintensity lens mode were selected. The diameter of the analysed area
was 3 mm. Charging shifts were referenced against the Ti 2p3/2 peak of
TiO2 at 458.8 eV. The pressure in the analysis chamber was kept lower
than 1 × 10−8 mbar. The accuracy of the binding energy (BE) values
was ± 0.1 eV. Spectra are presented without smoothing or background
subtraction, with intensity expressed in counts-per-second (cps). Peak
areas were estimated 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 proportion
and keeping the same width on all lines.

2.2. Catalysts characterization

2.3. Catalytic testing

Temperature-programmed reduction with hydrogen (H2 TPR) was
performed in a ﬁxed-bed quartz reactor with a Micromeritics AutoChem
2950 analyzer, by a heating at a rate of 10 °C·min−1 from 25 up to
900 °C under a ﬂow of 20 cm3·min−1 of 10 vol% H2/Ar reducing mixture. Hydrogen consumption was measured by thermal conductivity
detector. The trap with of liquid nitrogen and isopropanol (∼−90 °C)
was used to condense water. Ag2O (Micromeritics) was used as a
standard for calibrating the amount of hydrogen consumed. The catalysts were studied by H2 TPR either as-prepared and after redox pretreatments at 300 °C for 30 min: oxidative in ﬂow of 20 cm3·min−1 air
or reductive in ﬂow of H2/Ar gas mixture.
Fourier transform infrared (FTIR) spectra of CO adsorbed on the
catalysts were recorded by using a Bruker Tensor 27 FTIR spectrometer

Catalytic measurements for n-octanol oxidation were performed
with samples either as-prepared or after being treated in pure hydrogen
ﬂow or in pure oxygen ﬂow at 300 °C for 1 h. Typically, a supported
silver catalyst was added in a substrate/metal ratio = 100 mol/mol to
20 ml of n-octanol substrate (0.1 M) (Sigma Aldrich 99%, HPLC grade)
in n-heptane (Scharlau, 99%, HPLC grade) as a solvent, in a four-necked
round bottom ﬂask equipped with a reﬂux condenser, an oxygen
feeded, a thermometer and a septum cap. The reaction mixture was
stirred (200 rpm) in a semibatch reactor operated under atmospheric
pressure at 80 °C. Oxygen (30 ml/min) (Air Liquide, 99.99%) was
bubbled through the suspension and the reaction was followed for 6 h.
Small aliquots of the reaction mixture were taken during and at the end
of the test, by using nylon syringe ﬁlters (pore 0.45 μm), for monitoring

nutrient media, a long duration, a low conversion level when low
concentrations of the starting compound are introduced. There is only
one paper devoted to the liquid phase oxidation of betulin using Pd and
Ru supported on diﬀerent supports as heterogeneous catalysts [39]. The
authors [39] the ﬁrst demonstrated the selective oxidation of betulin to
betulinic aldehyde over Ru/C catalyst mixed with basic hydrotalcite
and SiO2 as dehydrating agent in synthetic air at 108 °C in toluene with
conversion of 41% in 24 h and 67% selectivity to betulinic aldehyde,
whereas without SiO2 with Ru/C the corresponding conversion and
selectivity values were 20% and 66%, respectively. Over another, acidic
Ru/C catalyst even higher conversion was achieved, giving, however,
allobetulin as a main product. Thus, there is a clear need to develop
new methods and approaches to produce oxo-derivatives of betulin,
which would replace the existing stoichiometric processes leading to
formation of a large amount of toxic waste, but at the same time provide a quantitative yield of the target product.
The aim of the present study is to evaluate a perspective of using
silver-based catalysts in the liquid phase selective oxidation of n-octanol, to estimate inﬂuence of Mg, Fe and Ce oxides as additives and
redox pretreatments on catalytic properties and to elucidate the nature
of the active sites. The obtained results were compared with catalytic
behaviour of the catalysts in betulin oxidation which has high importance in drug production.
2. Experimental
2.1. Catalysts preparation
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progress of the reaction. Reactants and products were analysed in a
Varian 450 gas chromatograph, using a capillary DB wax column
(15 m × 0.548 mm) and He as the carrier gas. The temperature program was as follows: oven: starting temperature 100 °C, 0.1 min initial
hold, heating rate 30 °C/min, ﬁnal temperature 220 °C, 1.9 min hold;
injector: 220 °C; FID detector: 200 °C, both isothermal.
Betulin (90–94%) was extracted from birch with a non-polar solvent
and recrystallized from 2-propanol following the procedure described
previously in [40]. Betulin oxidation was performed over as-prepared
modiﬁed and unmodiﬁed Ag/TiO2 catalysts at 140 °C under atmospheric pressure with synthetic air (AGA, 20% oxygen, 80% nitrogen)
as an oxidant in mesitylene (Sigma Aldrich, > 99%). Typically oxidation of betulin was carried out using 200 mg of the reagent in 100 ml of
the solvent using 200 mg of the catalyst. The reaction was commenced
when the desired temperature was reached via turning on the stirring
(400 rpm). The samples for analysis were withdrawn from the reactor at
regular intervals. Prior to GC-analyses, the samples (150 µL) were silylated by adding 150 µL of a mixture of pyridine (VWR International,
Fontenay-sous-Bois, France), N,O-bis(trimethylsilyl)triﬂuoroacetamide
(BSTFA, Supelco Analytical, Bellefonte, PA, USA), and trimethylsilyl
chloride (TMCS, Merck KGaA, Darmstadt, Germany) in a 1:4:1 vol ratio,
and the mixture was heated in an oven at 70 °C for 45 min. GC analysis
was performed on a PerkinElmer AutosystemXL gas chromatograph
using an Agilent HP-1 capillary column, 25 m (L) × 0.2 mm (ID), ﬁlm
thickness 0.11 mm. Hydrogen was used as a carrier gas, with a ﬂow of
0.8 ml/min. The temperature programs were as follows: oven – starting
temperature 120 °C, 1 min initial hold, increase at 6 °C/min rate to the
ﬁnal temperature 320 °C, 15 min hold; injector – 160 °C, (0 min), 8 °C/
min to 260 °C, 15 min hold; FID detector –- 320 °C isotermal. The injection volume was 1 µL with a split ratio 24:1. Betulinic aldehyde and
betulinic acid (90% purity), used as standards, were purchased from
MedChem Express and Sigma Aldrich, respectively. Betulonic aldehyde
and acid were synthesized according to the method reported by Melnikova et al. [41] in acetone (Sigma Aldrich, > 99.9) at 25 °C using
potassium dichromate, K2Cr2O7 (Merck, 99.8%) as an oxidant and
sulphuric acid as a catalyst. The products were conﬁrmed by GC–MS
with HP-5 column. The conditions of the betulin oxidation process and
the analysis procedure were previously published in [36]. Diﬀerences in
the experimental conditions for oxidation of n-octanol and betulin are
related to diﬀerent solubility of these alcohols.
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Fig. 1. Eﬀect of the support nature and pretreatment on the catalytic properties
in oxidation of 1-octanol (a) over supported Ag catalysts: as-prepared (red),
treated in ﬂow of H2 (dark-blue) or O2 (light-blue) at 300 °C for 1 h. Selectivity
of products in n-octanol oxidation for as-prepared samples (b). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

betulinic aldehyde and betulinic acid (6% and 7%, respectively). In the
case of the unmodiﬁed catalyst, these products were betulinic and betulonic aldehydes (22% and 8%, respectively). Comparing the results of
current work with previously published in [39] it can be concluded that
silver-containing catalysts are perspective for liquid phase oxidation of
betulin. However, they require further improvement.
Kinetic curves in betulin oxidation for the cerium-modiﬁed and
unmodiﬁed catalysts were very diﬀerent (Fig. 2), Ag/CeO2/TiO2 was
much more active. On the contrary for Ag/TiO2 catalytic activity declined substantially. The results are in line with n-octanol oxidation
(Fig. 1a), when the cerium-modiﬁed catalyst was more active than the
parent material. Certainly, the operating conditions in both processes
are diﬀerent (for example, temperature, solvent), as well as physicochemical properties of the substrates (alcohols), primarily solubility.
However, general trends in the catalytic behaviour are similar.
To determine the reasons for these diﬀerences in the catalytic behaviour among the studied catalysts, several physical and chemical
characterization methods were applied.
To study the phase composition of the investigated catalysts XRD
was used (data not shown). Analysis of diﬀractograms showed absence
of reﬂexes characteristic for silver and modiﬁers, implying that silver
particles and modiﬁers are smaller than 3–4 nm (i.e. sensitivity
threshold of XRD) or they are X-ray amorphous. This was also conﬁrmed by XRD-SR data published in [33], where the reﬂections corresponding to the modiﬁer were only detected for Ag/CeO2/TiO2.
The speciﬁc surface areas of the modiﬁed supports and the catalysts
are rather close, and the content of Ag was almost the same for all
catalysts (Table 1). Thus, the textural properties and silver content
cannot be the reason for diﬀerent catalytic behaviour.
Table 1 also shows the metal particle size data for Ag/CeO2/TiO2,
Ag/Fe2O3/TiO2, and Ag/MgO/TiO2 reported previously in [33]. As can
be seen, these three catalysts display very diﬀerent range and average
values of silver particle sizes (7.2, 1.1 and 5.5 nm, respectively).
However, our previous study based on comparison of XRD-SR, HR TEM,
EDS and DRS data showed that the majority of silver particles on these

3. Results and discussion
Fig. 1 shows the eﬀect of the support nature and catalyst pretreatment on n-octanol conversion (Fig. 1a) and product distribution
(Fig. 1b) in n-octanol oxidation over as-prepared samples and after each
of the redox treatments. It should be noted that, in the as-prepared state
(red line in Fig. 1) all used additives exert a promotional eﬀect on octanol oxidation over Ag/TiO2 increasing its activity up to fourfold in the
case of modiﬁcation by Ce. Both redox pretreatments decreased activity
of all studied catalysts in n-octanol oxidation except prereduction of
Ag/MgO/TiO2 with H2 which had no eﬀect; the as-prepared samples
were the most active.
Aldehyde, octanal, was the main product of n-octanol oxidation on
all as-prepared catalysts (Fig. 1b) with selectivity above 90% after 6 h
of reaction. Only traces of octanoic acid and the ester, octyl octanoate,
were detected at the longest reaction times.
To assess a possibility of using Ag-containing catalysts in the liquid
phase oxidation of betulin and to carry out comparative studies, Ag/
TiO2 and Ag/CeO2/TiO2 were chosen based on the results with n-octanol. In betulin oxidation (Fig. 2a) modiﬁcation by ceria improved the
catalytic properties, similar to n-octanol oxidation. Conversion of betulin over this catalyst reached 27% after 6 h which was substantially
larger than 11% obtained for Ag/TiO2. In all cases the main reaction
product was betulone with selectivity > 60% (Fig. 2b, c). The second
and third largest reaction products in the case of Ag/CeO2/TiO2 were
113
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even if EDX conﬁrms presence of silver. Probably silver is present in this
sample in the form of surface compounds with the support, or in the
form of very small clusters which have insuﬃcient contrast to be detected by HRTEM.
H2 TPR was used to study the essential features of silver reduction
and to assess its electronic state in Ag/MxOy/TiO2 catalysts, after in-situ
pretreatment in oxidative (air) or reductive (10% vol. H2/Ar) atmosphere at 300 °C (Fig. 3, Table 2). Several peaks of hydrogen consumption were observed in the high temperature region of the TPR
proﬁles of the supports (Fig. 3). For TiO2 (Fig. 3a) and MgO/TiO2
(Fig. 3b), there is a slight increase of the background in the temperature
range above 350 °C, which may be associated with partial reduction of
TiO2 [42,43]. For CeO2/TiO2 (Fig. 3d) the consumption from 372 to
473 °C is related to the reduction of surface cerium oxide with formation of Ce3+ states and oxygen vacancies; a temperature peak at 638 °C
is related to reduction of bulk cerium oxide together with the reduction
of Ce4+ to Ce3+ in the structure [44–50]. For Fe2O3/TiO2 (Fig. 3c) the
consumption peak at 334–457 °C is associated with the reduction of
Fe2O3 to Fe3O4, and the one at 551 °C with reduction of Fe3O4 to FeO
and further to Fe [51].
The most intense hydrogen consumption for more active catalysts

Table 1
Textural properties of the supports and catalysts, elemental composition and
silver particle size (after pretreatment in H2 at 300 °C for 1 h).
Samples

Ag/CeO2/
TiO2
Ag/Fe2O3/
TiO2
Ag/MgO/
TiO2
Ag/TiO2

SBET (m2/g)

Support

Catalyst

43

46

45

Ag content by
EDX (wt%)

Metal particle size from HR
TEM*
Interval
(nm)

Average
(nm)

2.1 ± 0.4

3–12

7.2

44

1.9 ± 0.4

1–2

1.1

42

43

2.0 ± 0.4

0–13

5.5

55

43

1.7 ± 0.3

Not
detected

Not detected

* From[33].

samples have a size less than 1 nm [33]. The problem of the identiﬁcation and characterization of subnanometer species undetectable by
HRTEM was previously discussed in detail in [33]. On the contrary,
silver particles were not detected in Ag/TiO2 by HR TEM (Table 1),
114
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the web version of this article.)

(300 °C, 1 h), the reduction was incomplete. In addition, this eﬀect may
be due to the fact that silver ions in these samples are stable being less
sensitive to redox treatments. A low temperature consumption at 77 °C,
related to reduction of oxide-like structures of silver, is also observed in
the TPR proﬁle of Ag/TiO2 (Fig. 3a); however, its intensity was signiﬁcantly lower than for the active catalysts, explaining the observed
catalytic behavior of this sample (Fig. 1a and Fig. 2a). Additional hydrogen consumption was observed for this material in the range of
150–400 °C, apparently due to reduction of surface compounds of silver
with the support or reduction of silver oxide, strongly bound with the
support.
After pretreatment in air, TPR proﬁles of all catalysts except Ag/
TiO2 showed consumption maxima in the range 0–50 °C, related to the
reduction of silver oxide small clusters formed by oxidative dispersion
of silver precursor [53,57], and at 547–554 °C. The latter can be explained by the reduction of strongly bound ionic silver from the surface
compounds presumably of type Ti-O-Ag, similar to Si-O-Ag, which are
reduced in the same temperature range [58]. This eﬀect is most clearly
visible for Ag/CeO2/TiO2.
The total amount of consumed hydrogen for Ag/TiO2 and Ag/MgO/
TiO2 catalysts was close to ½ of amount of silver in catalysts (Table 2),
which indicates that silver was stabilized in Ag+ state in the as-prepared samples. Higher values of consumed hydrogen for Ce- and Fecontaining samples are due to a partial reduction of iron and cerium
oxides, respectively, together with that of silver oxide.
For all catalysts, the area of hydrogen consumption peaks in the
temperature range 0–100 °C decreased after carrying out oxidation and

Table 2
Hydrogen consumption during TPR of catalysts as a function of their starting
state: as-prepared, and pretreated in H2 or in air.
Catalyst

Ag/CeO2/TiO2
Ag/Fe2O3/
TiO2
Ag/MgO/TiO2
Ag/TiO2

Observed H2 consumption (µmol/gcat)

Ag loading (µmol/
gcat)

as-prepared

H2, 300 °C,
1h

O2, 300 °C,
1h

156
171

89
125

174
167

194 ± 39
176 ± 35

77
74

40
2

72
44

185 ± 37
157 ± 31

(Fig. 3b, c, d) was observed in the temperature range 0–100 °C, associated with the reduction of oxide-like silver structures (surface silver
oxides, highly dispersed silver oxides, small oxidized silver clusters,
etc.) [52–54]. In the range 100–200 °C there was a co-reduction of
silver and iron and cerium oxides (Fig. 3c, d) caused by their interactions [55,56]. The intensity of hydrogen consumption in the range of
50–100 °C, related to reduction of oxide-like structures of silver, decreased for samples pretreated in atmosphere of either O2 or H2, as
compared to as-prepared samples. However, it should be noted that the
active as-prepared samples consumed roughly the same amount of
hydrogen before and after treatment in oxygen (Table 2). After pretreatment in hydrogen, the active samples were still able to consume
some hydrogen; consequently, in the pretreatment conditions used
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Ag/TiO2

a

Ag/MgO/TiO2

b

that the ionic species in this catalyst are stable and less sensitive to
redox treatments. In contrast, for catalysts modiﬁed with magnesium
and iron oxides (Fig. 4b and c) a signiﬁcant decrease in the intensity of
these absorption bands was observed after pretreatments. This indicates
that ionic silver species are less stable in these samples. It might be that
the initial amount of ionic sites in the as-prepared Ag/MgO/TiO2 and
Ag/Fe2O3/TiO2 samples was higher than in Ag/CeO2/TiO2; however,
these sites were less stable under the inﬂuence of the reaction medium,
H2 or O2.
No absorption bands of Ag+-CO carbonyls were observed in the IR
spectra corresponding to Ag/TiO2 (Fig. 4a), indicating absence of lowtemperature adsorption centres. Noticeably, this catalyst shows the
lowest activity in the studied processes (Fig. 1a and Fig. 2a). Probably,
in this case only metastable silver active (ionic) sites are formed during
the reaction due to interactions of oxygen with the metallic silver.
Based on the results presented above, it can be suggested that catalytic activity is determined by the contribution of Ag+ sites which are
retained after pretreatment and during catalysis.
XPS was used to study the electronic state of silver on the surface of
unmodiﬁed and modiﬁed TiO2 supports. It should be noted that prior to
these tests the samples were pre-reduced in H2 at 300 °C, and that reduction of silver may also take place under the inﬂuence of the X-ray
beam; therefore, it should be expected that a part of silver is in the
reduced state. Ag3d lines of XP spectra of all studied catalysts samples
required deconvolution, as their half-width was much broader than the
half-width corresponding to one state (Fig. 5). The interpretation of
spectra, based on the literature, is shown in Table 3.
On the surface of Ce-, Fe- and Mg-containing catalysts silver is
present in three states, with binding energy Eb(Ag3d5/2) values of
366.6–366.8, 368.2 and 369.2–370.9 eV, respectively (Table 3). The
ﬁrst one corresponds to the ionic state of silver, Ag+ [67,68], the
second to the metal state, Ag0 [33], while the latter is related to silver
clusters smaller than 2 nm [69,70]. The binding energy of the latter
species can be shifted, up to 1–2 eV, to higher values for highly dispersed metal particles deposited on oxide supports [71]. It should be
noted that two states of silver with diﬀerent binding energies corresponding to small silver clusters were observed in the XPS spectrum of
the Mg-containing sample: probable reason for this may be diﬀerent
sizes of these clusters. On the surface of TiO2 support (Fig. 5a) silver
was present in two states with the binding energy Eb (Ag3d5/
2) = 367.5 eV, corresponding to the metal state, and 369.0 eV, corresponding to small silver clusters. These data are in good agreement with
FTIR CO results (Fig. 4a) and TPR studies (Fig. 3a), showing that ionic
silver is practically absent in this sample, and are apparently formed
only during the reaction.
Thus, on the basis of the results of current work, it can be concluded
that catalytic activity in n-octanol oxidation decreased with a decrease
in the contribution of the surface silver monovalent state (shown respectively in the brackets): Ag/CeO2/TiO2 (57.2%) > Ag/Fe2O3/TiO2
(15.1%) > Ag/MgO/TiO2 (5.3%) > Ag/TiO2 (0%).
It should be emphasized that one of the main problems in the study
of MxOy/TiO2 materials is diﬀerential charging of the surface during
XPS measurements. To identify the eﬀects associated with diﬀerential
charging a modiﬁed Auger parameter α was applied, which represents
the sum of binding energy values (Fig. 5) of the most intense line in the
X-ray photoelectron spectrum of the studied element and the kinetic
energy, which is consistent with the corresponding Auger peak [72].
Because the charge potential increases the binding energy of the internal level and diminishes the corresponding kinetic energy of the
Auger peak to the same extent value, their sum with a charge change
remains unaltered. Comparison of the parameter α calculated for Ag/
TiO2 (726.0 eV) and Ag/CeO2/TiO2 (724.1 eV), with the known values
of α for metallic silver (726.0–726.3 eV) and silver oxide
(724.0–724.5 eV) [72] indicates that the major fraction of silver is in
the metallic state in Ag/TiO2, while in Ag/CeO2/TiO2 s silver is in the
ionic state, which is consistent with the results shown in Fig. 5a and d
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Fig. 4. Eﬀect of catalyst pretreatment on the FTIR spectra of CO adsorbed on
Ag/TiO2 (a), Ag/Mg/TiO2 (b), Ag/Fe/TiO2 (c), Ag/Ce/TiO2 (d).

reduction pretreatments, i.e., both oxidative and reductive thermal
treatments led to a partial reduction of the samples. On the oxidizing
atmosphere, this is due to thermal decomposition of unstable silver
oxide (decomposition temperature is ca. 190 °C). A decrease in the
amount of silver present in ionic/oxidized state in catalysts may be,
apparently, a reason for activity decrease in n-octanol oxidation after
such pretreatments (Fig. 1).
To investigate the electronic state of silver on the support surface,
CO adsorption was studied by FTIR (Fig. 4). Absorption bands in the
range 2150–2170 cm−1, corresponding to linear carbonyls Ag+-CO
[59–67] were observed for Ag/CeO2/TiO2 (Fig. 3d), Ag/Fe2O3/TiO2
(Fig. 4c) and Ag/MgO/TiO2 (Fig. 4b) catalysts. The intensity of Ag+-CO
carbonyl absorption bands in the Ce-containing sample remained
practically unchanged after redox pretreatmets (Fig. 4d). This suggests
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Fig. 5. XPS proﬁles of Ag 3d5/2 lines for Ag catalysts on diﬀerent supports (TiO2 (a), MgO/TiO2 (b), Fe2O3/TiO2 (c) and CeO2/TiO2 (d)) pretreated in H2 at 300 °C for
1 h.

oxidation after the redox treatments is associated with a decrease in the
fraction of ionic/oxidized state of silver. The presence of the ionic state
of silver for Ce, Fe and Mg-containing catalysts is conﬁrmed by XPS
spectroscopy (Fig. 5). On the basis of XPS data it was clearly shown
above that catalytic activity decreased with a decrease in the surface
concentration of the monovalent silver ions, which in turn, varies with
the modiﬁer nature. The highest concentration of the monovalent silver
ions according to XPS data (Fig. 5d) was found in the cerium-modiﬁed
material, and as a result, this catalyst showed the highest activity in
both studied reactions. Ag/TiO2 was the least active among the investigated catalysts. TPR (Fig. 3), FTIR CO (Fig. 4) and XPS (Fig. 5)
results showed that the surface concentration of ionic species in this
catalyst was minor, which probably is the main reason for its low catalytic activity. This is in line with the suggestion that the active sites are
the monovalent silver ions. An important question is absence of the
silver particles in TEM images, even if almost all silver in this catalyst is
in the metallic state (XPS, Fig. 5a and FTIR CO, Fig. 4a). First a large
fraction of silver particles is smaller than 1 nm, below the detection
limit of TEM method. Second, formation of surface compounds of silver
with the support is possible, which is conﬁrmed by TPR (Fig. 3).
Moreover, a combination of these two eﬀects is possible, namely a large
fraction of particles in this catalyst actually has a size lower than 1 nm,
which may lead to very strong metal-support interactions and, as a
consequence, formation of surface compounds of silver with the

Table 3
XPS peaks assignments and content of silver states (%) in the catalysts after
reduction in H2 at 300 °C for 1 h.
Catalyst

Ag/CeO2/
TiO2
Ag/Fe2O3/
TiO2
Ag/MgO/
TiO2
Ag/TiO2

Ag+ (%)

Ag0 (%)

Ag < 2 nm (%)

366.6–366.8 eV
[67,68]

368.0–368.2 eV [33]

≥369 eV
[69–71]

57.2 (366.8 eV)

33.5 (368.2 eV)

9.3 (369.4 eV)

15.1 (366.6 eV)

63.6 (368.2 eV)

21.3 (369.2 eV)

5.3 (366.7 eV)

61.2 (368.1 eV)

–

72.1 (368.2 eV)

29.2 (369.1 eV)
4.3 (370.9 eV)
27.9 (369.2 eV)

and Table 3. Furthermore, according to the literature [73,74], only
metal crystallites with sizes ≥5 nm exhibit properties of the conductive
metal. As the main fraction of silver particles for all studied samples has
a size < 5 nm, the eﬀect of the diﬀerential charging is unlikely.
Therefore, the main reason for the changes in the catalytic behaviour of Ag/MxOy/TiO2 upon redox treatments and variation of the
modiﬁer nature is the change of the electronic state of silver.
Comparison of TPR (Fig. 3) and FTIR CO spectroscopy data (Fig. 4) with
the catalytic results (Fig. 1) suggests that catalytic activity in n-octanol
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have more pronounced biologically active properties than it.
The active sites of Ag/MxOy/TiO2 for the liquid phase oxidation of
n-octanol and betulin are monovalent Ag+ ions. The best promotional
eﬀect is observed after introduction of Ce oxide onto the support, while
redox pretreatments are detrimental to catalytic activity due to a decrease in the surface concentration of monovalent ions. Strong interactions of silver with TiO2 gives a uniform distribution of silver on the
support surface, stabilizing it in the form of inactive surface compounds.
Nature of the support modiﬁers and pretreatment atmosphere inﬂuence the electronic state of the deposited metal, and thereby the
catalytic properties.
The results also demonstrate potential of nanosilver catalysts for the
liquid phase oxidation of alcohols, as their activity can be increased
considerably by selecting the optimum modiﬁer and the support as well
as, pretreatment conditions.

support. Obviously, formation of the most active silver states requires
some optimal interactions of the metal with the support, which stabilizes the ionic state of silver, but at the same time leaves them accessible
for interactions with the reagents.
The main feature of the silver electronic state is stability of its dorbitals and presence of a single stable ionic state – a mono charged
Ag+ cation (two- and three-charged silver ions are extremely unstable
and exist only in the presence of strong oxidants). Therefore, the most
eﬀective promoters for silver are cerium oxide, which possess electronaccepting properties and stabilize active Ag+ ions. In contrast, magnesium oxide has electron-donor properties that probably leads to reduction of a part of monovalent silver ions due to donation of electrons
from magnesia to silver.
The results of current work showed that the introduction of the
modiﬁers changes the nature of silver interactions with the support.
This was conﬁrmed by FTIR revealing interactions of active sites with
the reagents (Ag+-CO complexes, Fig. 4b, c, d), as well as presence of
show the presence of a large number of silver nanoparticles in electronic micrographs [33]. Moreover, TPR data also showed a larger
number of easily reducible silver ions in catalysts modiﬁed by Ce, Fe
and Mg as compared with Ag/TiO2 (Fig. 3). It can be hypothesized that
the modiﬁers form a mixed oxide system with the support bearing new
properties or alternatively silver in these samples is not deposited on
the titania support surface, but on the modiﬁer. A small particle size of
the modiﬁers does not allow detecting their individual phases even by
XRD and synchrotron radiation XRD, as previously shown in [33]. Thus,
an exact nature of the modiﬁer inﬂuence requires further investigations.
Comparison of catalytic results and physicochemical studies allows
to conclude that in both reactions, 1-octanol and betulin oxidation,
occur on similar active sites, individual Ag+ ions or Agnδ+ clusters,
where δ is in the range from 0 to 1. It should also be noted that the
metallic phase is present in all the samples, however, correlation of its
concentration with catalytic activity is not observed. Previously it was
shown [75–77] that such metal states can be responsible for CO oxidation reaction, albeit at higher temperatures (above 100 °C).
It is important to note that in the literature there is no information
about the activity of silver catalysts in these processes (oxidation of noctanol and betulin), especially under conditions close to the requirements of green chemistry. The current work is the ﬁrst study concerning
the liquid-phase oxidation of n-octanol and betulin over modiﬁed and
unmodiﬁed Ag/TiO2 catalysts. The carried out researches show prospect of using silver-containing catalysts in the process of liquid-phase
alcohols oxidation. However, several issues related to inﬂuence of
various factors on activity, selectivity and stability of the studied catalysts should be solved to optimize the process and the catalyst: preparation methods, pretreatment conditions, nature of the support and
the additives, active phase content, solvent type, temperature, substrates to catalyst ratio, presence of solid bases and dehydrating agents,
etc.
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