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Abstract—Au/Fe/TiO, catalysts with a low Au content (<0.1 wt %) were applied for the first time in liquid
phase glycerol oxidation. A strong synergetic effect between Au and Fe cationic species was observed. The
sample with an extra-low gold content (0.025 wt %) showed extremely high oxidation activity with TOF >

16000.
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INTRODUCTION

The oxidation of alcohols with oxygen is one of the
most important transformations in modern organic
chemistry, which can be used as a “green” atom-effi-
cient approach to the synthesis of carbonyl and car-
boxy compounds [1, 2]. The oxidation of bio-derived
alcohols is of a special interest. Among such alcohols
one should consider glycerol. It is a cheap platform
molecule obtained as a side product in bio-diesel pro-
duction [3]. The benefit of glycerol oxidation is a
broad scope of possible products with added value:
aldehydes, ketones, and carboxylic acids [4].

Gold in a nanoparticle form has been recognized as
an efficient catalyst for oxidation of various alcohols
[5]. In the recent years, there is a trend in combining
gold with other metals to obtain bimetallic structures
with improved characteristics for selective oxidation
catalysis [6, 7]. Thus, carbon supported Au—Pd bime-
tallic nanoparticles were successfully applied in glyc-
erol oxidation to glyceric acid [8] or dihydroxyacetone
[9]. An Au—Pt combination allows obtaining lactic
acid [10, 11] and glyceric acid [12] from glycerol.
Meanwhile, there are less examples of catalysts con-
taining gold and non-precious metals used in alcohol
oxidation reactions. Au—Cu NPs supported on meso-
porous CeO,—Zr0O, showed high activity in selective
glycerol oxidation to glyceric acid in water [13].
Unsupported Au—Cu NPs were used in liquid-phase
1,2-propanediol oxidation [14].

It should be noted that combination of gold in
very small amounts (<0.2%) with base metals is a
prominent way to obtain new bimetallic structures
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with unique features in oxidation catalysis [15].
Recently we showed, that the low-loaded
0.2% Au/0.2% Cu/SiO, catalyst allowed selective eth-
anol oxidation to acetaldehyde with almost quantita-
tive yield in gas phase [16]. Unfortunately, only a few
works have been devoted to study the low-loaded gold
catalysts [17—19], despite the fact that in the very first
work on gold catalysis Bond et al. had already demon-
strated the unusually high activity of 0.01% Au/SiO, in
olefin hydrogenation [20]. Even less researches con-
cerned the low-loaded “gold-base metal” bimetallic
systems. Thus, the sample 0.1% Au—Bi/AlL,O; [21]
and 0.25% Au—Cu/AC catalyst [22] were efficiently
used in acetylene hydrochlorination reaction.

Herein we report on the first study of low-loaded
Au/Fe/TiO, catalysts with improved activity in liquid-
phase glycerol oxidation.

EXPERIMENTAL

The monometallic Fe/TiO, catalyst was prepared
by deposition—precipitation with the urea (DPU)
method. To obtain 1 g of the catalyst, a TiO, support
(1 g, P25, Acros Organics) was dispersed in DI water
(30 mL). The suspension was stirred upon heating.
When the temperature of the suspension reached
60°C, an aqueous solution of Fe(NO;); (0.4 mL,
0.45 M) was added to obtain the final Fe loading of
1 wt %. After that, the suspension was heated to 80°C
under vigorous stirring and urea (1430 mg, Acros
Organics) was added. The heating of the suspension
was continued until the temperature reached 92°C,
and the suspension was kept at this temperature under
stirring for 4 h. Then the suspension was cooled down
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to room temperature (RT), and the solid was isolated
by centrifugation. The parent solution was checked for
the presence of Fe3* ions by adding KSCN to an ali-
quot amount of the parent solution. The test showed
complete Fe deposition on the support. The solid was
then washed three times with DI water (30 mL), dried
under a vacuum at 40°C, and calcined at 400°C for
4 h. The catalyst was marked as 1Fe/TiO,.

The monometallic parent catalyst was then modi-
fied with gold by a redox reaction [16]. The 1Fe/TiO,
catalyst was first reduced in an H, flow (10 mL/min)
at 450°C for 4 h in a U-shaped quartz reactor. After
that, the reactor was cooled down to RT and a proper
amount of an aqueous HAuCl, solution (1.2 mM) was
added to obtain the gold loading equal to 0.5, 0.1, or
0.025 wt %. The obtained suspension was kept for 2 h,
and then the solid was separated by centrifugation.
The parent solution was checked for the presence of
Au®" ions by reverse iodometric titration [16], and the
test showed complete gold deposition on the parent
catalyst 1Fe/TiO,. The solid was then washed with DI
water (three times with 30 mL of DI water) and dried
at 40°C under a vacuum.

The morphology of the samples was studied by
scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). A target-oriented
approach was utilized for the optimization of the ana-
lytic measurements [23]. Before SEM measurements
the samples were mounted on a 25 mm aluminum
specimen stub, fixed by conductive carbon paint and
coated with a thin film (15 nm) of carbon. The obser-
vations were carried out using a Hitachi SU8000 field-
emission scanning electron microscope (FE-SEM).
Images were acquired in a secondary electron mode at
the 2 kV accelerating voltage and at the working dis-
tance 4—5 mm. Morphology of the samples was stud-
ied taking into account a possible influence of carbon
coating on the surface. To obtain TEM images, before
measurements the samples were deposited on 3 mm
carbon-coated copper grids from an isopropanol sus-
pension. Samples morphology was studied using a
Hitachi HT7700 transmission electron microscope.
Images were acquired in a bright-field TEM mode at
the 100 kV accelerating voltage.

DRIFT spectra were recorded using a Nicolet
Protégé 460 spectrometer in the interval of 6000—
400 cm™! at a resolution of 4 cm™! (500 scans). The
adsorption of CO was performed at RT and a CO equi-
librium pressure of 20 Torr. Before the experiments,
the monometallic samples were treated at 400°C in a
vacuum for 2 h. The bimetallic samples were evacu-
ated for 2 h at 90°C.

Diffuse-reflectance spectra in the UV—Vis range
(200—850 nm, UV—Vis DRS) were recorded with a
Hitachi M-340 spectrometer supplied with an inte-
grating sphere attachment using a MgO pellet as a ref-
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erence. The spectra were recorded for powdered TiO,
and the 1Fe/TiO, catalyst placed in a quartz chamber.

The oxidation of glycerol was performed in a liquid
phase in a lab-constructed finger-type autoclave
(inner volume 10 mL) at 90°C and an O, pressure of
5 bar. In the experiment, the weighed amount of the
catalyst (11 mg) was placed in the inner glass insert and
then an aqueous solution of glycerol (0.5 mL, 0.3 M)
was added to the catalyst. The reaction was performed
in water under alkaline conditions with NaOH to glyc-
erol ratio 1.7. The glass inner part was inserted in the
autoclave. The reactor was closed, flushed with nitro-
gen and O, for 3 times. After adjusting O, pressure
(5 bar), the reactor was placed on an oil bath heated to
the desired temperature. The reaction was carried out
for 2 h under stirring at 800 rpm at 90°C. After that,
the reactor was cooled down to RT. The catalyst was
isolated by centrifugation and the clear solution of the
reaction products was collected.

The analysis of the products was performed using
NMR spectroscopy. 'H Spectra of the reaction mix-
ture were recorded on a Bruker AV300 spectrometer
using a mixture of H,O and D,0 (from 75 to 25%) as a
solvent and benzoic acid as an external standard. The
presaturation technique was used to suppress the water
signal; yields and molar ratios of the products were
calculated by integration of the signals in 'H NMR
spectra on the basis of 3H. Assignments of proton sig-
nals: 'H NMR (300 MHz, H,O0 + D,0) glycerol:
3.45-3.67 (4H, m, CH,(OH)), 3.70—3.80 (1H, m,
CH(OH)); lactic acid: 6 1.31 (3 H, d, / = 6.9 Hz,
CH;), 4.09 (1H, q, /= 6.9 Hz, CH(OH)); acetic acid:
4 1.90 (3 H, s, CH,); glyceric acid: 6 3.65—3.83 (2 H,
m, CH,(OH)), 4.05—4.07 (1H, m, CHOH), glycolic
acid: 0 3.92 (2 H, s, CH,(OH)); tartronic acid:  4.32
(1H, s, CH(OH)); formic acid: & 8.42 (1H, s,
CH(O)OH).

RESULTS AND DISCUSSION

The DRIFT-CO spectrum of the monometallic
1Fe/TiO, (Fig. 1, curve a) catalyst reveals the presence
of Fe3* cations as a band observed at 2362 cm™! that
can be assigned to Fe?*—CO, complexes formed by
oxidation of CO with Fe,0; [24, 25]. The intense band
at 2177 cm™! is attributed to Ti**—CO linear carbonyl
[24, 25]. The UV—Vis spectra of 1Fe/TiO, and TiO,
are presented in Fig. 2. The subtraction of the TiO,
spectrum from the 1Fe/TiO, spectrum gives the final
spectrum with a maximum at 398 nm and a shoulder
at 478 nm (Fig. 2). The band at 398 nm can be
attributed to octahedral Fe3" in small oligomeric
Fe,O, clusters, while the band at 478 nm presumably
corresponds to bulk Fe,O5 oxide [26, 27].

After redox deposition of the extra-low amount of
gold (0.025 wt %) onto 1Fe/TiO,, the band attributed
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Fig. 1. DRIFT-CO spectra of 1Fe/TiO, (a),

0.025Au/1Fe/TiO, (b), and 0.5Au/1Fe/TiO, (c) at 20°C
and 14 Torr of CO.
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Fig. 2. UV—Vis DR spectra of TiO, (a), 1Fe/TiO, (b), and
resulting spectra obtained after subtraction of the TiO,
spectrum from the spectrum of 1Fe/TiO, (c).

Fig. 3. SEM images of 1Fe/TiO, (a) and 0.5Au/1Fe/TiO, (b, c).

to Fe?"—CO, disappeared from the DRIFT spectra of
adsorbed CO indicating the reduction of Fe3" species
during H, treatment of the catalyst before Au deposi-
tion (Fig. 1, curve b). However, in the spectra of
0.5Au/1Fe/TiO, there is a band of Fe?*—CO, at
2362 cm™~! (Fig. 1, curve ¢). This can be explained by
reoxidation of the surface Fe?" cations (reduced under
H, thermal treatment) with Au®*" during the direct
redox reaction according to the semi-reactions:

Fe’ —e = Fe“, (1)

Au™t +2e = AW’ ()

It should be noted that the bands of Fe?"—CO and
Au""—CO may also exist in the spectra of bimetallic
catalysts, but overlap with the Ti*'—CO band. Thus,
the amount of Fe3" in the 0.025Au/1Fe/TiO, catalyst
is much lower than that in 0.5Au/1Fe/TiO,.

The reduction of the monometallic catalyst with
subsequent Au redox deposition completely changed
the surface morphology of the catalysts (Fig. 3). The
1Fe/TiO, sample is characterized by a smooth surface
(Fig. 3a), while the surface of the bimetallic
0.5Au/1Fe/TiO, catalyst is loose and rough (Figs. 3b, 3c).
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The redox method applied to deposit gold on
1Fe/TiO, allowed the formation of small nanoparti-
cles with an average size 3 nm. The size distribution of
nanoparticles is close to uniform; large nanoparticles
with the size 8—11 nm can be seen along with the small
ones with the size 1-2 nm (Fig. 4).

The activity of the prepared bimetallic catalysts in
glycerol oxidation strongly depends on the amount of
gold deposited by the redox method.

The interaction of gold with iron oxide improved
the activity of gold catalysts. Compared to the mono-
metallic 0.5Au/TiO, system, the bimetallic sample
0.5Au/1Fe/TiO, showed a higher selectivity to car-
boxylic acids and increased conversion of glycerol
(Table 1, entries 1, 3). The main products were glyce-
ric, glycolic and oxalic acids. The TOF value of the
bimetallic catalyst was higher than that of monometal-
lic 0.5Au/TiO,, while 1Fe/TiO, showed low activity
under the conditions used. Thus, the strong synergetic
effect was observed for the Au/Fe/TiO, bimetallic cat-
alyst.

The most unusual results were obtained when the
amount of gold in the bimetallic catalyst was reduced
to the value as low as 0.025 wt %. The extremely high
TOF >16000 was observed for the 0.025Au/1Fe/TiO,
catalyst, and the glycerol conversion reached 30%.
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Fig. 4. TEM images of 0.5Au/1Fe/TiO, and the particle size distribution.

However, the oxidation activity of this sample was so
high that glycerol oxidation proceeded mostly to CO,
and the precision of carbon balance was only 78%
(Table 1, entry 5). When the amount of gold was
increased to 0.1%, the conversion of glycerol improved
and reached 44%. The selectivity to carboxylic acids
also became higher. TOF decreased compared to TOF
of the 0.025Au/Fe/TiO, sample, but still was much
higher than TOFs of the 0.5Au/TiO, and
0.5Au/1Fe/TiO, catalysts (Table 1, entry 4).

The high oxidation activity of low-loaded
Au/Fe/TiO, catalysts can be due to the different state
of Fe and Au in these samples compared to the
0.5Au/1Fe/TiO, catalyst. The DRIFTS-CO study of
the low-loaded 0.025Au/1Fe/TiO, catalyst showed
that the amount of Fe3* in this sample is too low to be
visible in the spectrum, while in the spectrum of

0.5Au/1Fe/TiO, the band of Fe*" cations was clearly

observed. During the oxidation reaction, Fe>" cations
in low-loaded bimetallic catalysts can be reoxidized to
surface Fe’" cations. We assume that combination of
in-situ generated Fe3* cations and gold is responsible
for the oxidation activity of low-loaded bimetallic cat-
alysts. In addition, gold deposited on the support in
such small concentrations usually presents in a cat-
ionic form with induced oxidation activity, as it was
observed in previous works [28, 29].

CONCLUSIONS

A strong synergetic effect between Au and iron
oxide species in gold-doped Fe/TiO, catalysts pre-
pared by the redox method was observed in the glyc-
erol oxidation reaction. The oxidation activity of the
catalysts is dependent on the amount of gold deposited

Table 1. The activity of the prepared catalysts in the glycerol oxidation reaction

Selectivity, %
Entry Sample TOF X, % Coars %
LA AA OA GlyA TA GcA
1 0.5Au/TiO, 1155 43 69 2 0 2 19 0 3
2 1Fe/TiO, — 11 91 0 0 2 3 0 5
3 0.5Au/1Fe/TiO, 1477 55 86 5 0 18 24 1 26
4 0.1Au/1Fe/TiO, 4063 44 79 8 0 15 2 0 28
5 0.025Au/1Fe/TiO, 16116 30 78 1 0 6 7 0 13

Reaction conditions: Aqueous glycerol solutlon (Gly) 0.3 M, 0.5mL, NaOH : Gly 1.7, m,; =

11 mg, t=90°C, p(O,) = 5bar, 2 h; TOF

was calculated as mol (Gly)/[mol (Au) h! ]. LA—lactic ac1d AA—acetlc acid, OA—oxahc acid, GlyA—glyceric acid, GcA—glycohc
acid, X—conversion, G, —precision of carbon balance; the precision of carbon balance for all systems was not 100% because of com-

plete glycerol oxidation to CO,.
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by the redox reaction, which, in turn, governs the oxi-
dation state of gold and iron cationic species in the
samples. The highest oxidation activity with TOF
reaching 16 000 was observed for low-loaded Au/Fe
samples with the Au content 0.025 wt %.
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