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V505, Nb,Os and Ta; 05 were used as supports for gold and their activity in the oxidation of glycerol was
compared with that of gold loaded on Al,03, TiO, and carbons. Different methods of gold loading were
applied and they determined the gold particle sizes. The gold-sol method used for the modification of

Keywords: oxides ensured high gold dispersion and smaller Au crystallites than the deposition—precipitation one.
V205 The influence of acid-base properties of the supports on gold particle sizes and activity in oxidation
_?:285 of glycerol was considered. Au/Nb,Os catalyst, prepared by gold-sol method and crystalline niobia as
A122035 support, was attractive for the liquid phase oxidation of glycerol showing high selectivity to glyceric acid
Tio, and the ability of reuse. Its catalytic properties in this process were comparable with those noted for Au
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loaded on carbon. A significant difference between the amorphous and crystalline niobia used as supports
of gold was established and better performance of anhydrous crystalline Nb,0s was shown.
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1. Introduction

Glycerol is a co-product of triglyceride transesterification in the
production of fatty acid esters employed as biodiesel [1]. For every
9 kg of biodiesel produced, about 1 kg of a crude glycerol by-product
is formed [2]. If the production of biodiesel increases as predicted,
the supply of glycerol will be in excess of demand [3-6]. There-
fore, glycerol should find new outlets to optimize the economy of
biodiesel production and to rebalance supply and demand. Many
valuable commodity chemicals can be formed from glycerol via oxi-
dation, reduction, halogenation, and etherification [2,3]. One of the
most intensively studied pathways of glycerol transformation into
useful chemicals is the oxidation process [2,3,7,8]. Selective oxi-
dation of glycerol leads to various valuable oxygenates (glyceric,
tartronic, glycolic, hydroxypyruvic acids, and dihydroxyacetone). It
is widely shown in literature [9-17], that these oxygenates can be
obtained by oxidation with oxygen in the presence of carbon sup-
ported gold catalysts. Under mild reaction conditions (333 K, water
as a solvent) on Au-carbon catalysts over 90% selectivity for glyc-
eric acid at 90% glycerol conversion was obtained [9,10]. Moreover,
it was found that glycerol oxidation is structure sensitive. It has
been reported [11-13] that the size of the gold particle influences
the catalytic activity and selectivity of the Au-carbon catalysts. The
carbons with gold particle sizes between 2 and 47 nm were active,
but those with smaller gold particles showed higher activities
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[11,12]. On the other hand, large Au particles (>20 nm) were more
selective to glyceric acid, while for small gold particle size the selec-
tivity to glyceric acid decreased and the glycolic acid selectivity
increased.

As to the mechanism of the reaction, the important role of
NaOH for initiation of the catalytic glycerol oxidation was con-
firmed [9-11,18,19]. The presence of OH™ is essential to observe
any glycerol oxidation using gold containing catalysts. In the pres-
ence of the base, the proton is readily abstracted from one of the
primary hydroxyl groups of glycerol. The initial dehydrogenation is
proposed as the first step in the oxidation process [9]. The existence
of two major routes, of which hydroxyacetone and glyceric alde-
hyde are the primary oxidation products and glycolic and oxalic
acid are the end-members, respectively, is now firmly established.
Moreover, rapid oxidation of glyceraldehydes favours glyceric acid
rather than hydroxyacetone formation [13]. It was also found that
the conversion of glycerol and the selectivity to the reaction prod-
ucts depend strongly on the amount of base used [9,11,13,20,21]. In
general, the higher the base concentration the greater the glycerol
conversion and higher selectivity to glyceric acid. However, at high
NaOH/glycerol molar ratio (NaOH/Gly =4) the oxidation of glyceric
acid to tartronic acid is strongly favoured [11].

The effect of the support for gold was studied by Claus and co-
workers [11,14]. They compared the activity of different types of
carbons and the metal oxides supported (TiO,, Al,03, MgO, and
Ce0;). Under the same experimental conditions the gold catalysts
supported on carbon showed much higher activity in the liquid
phase oxidation of glycerol than magnesia and ceria supported gold
catalysts.
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Niobium containing materials are presently of a great interest in
heterogeneous catalysis in which they are used as catalyst compo-
nents or play a role of promoters [22]. Niobium compounds exhibit
special properties which are not shown by the compounds of neigh-
bouring elements in the periodic table. Some of them, like strong
metal support interaction (SMSI) or unique reversible interaction
with several reagents are very important for the design of catalysts.
Moreover, it is known, that Nb,Os5 is active catalysts in oxidation
reactions [22].

The idea of this work is to apply Nb,05 as well as V505, Ta; 05 as
a new oxide supports for gold and to investigate the effect of group
five metal oxides on the efficiency of the oxidation of glycerol (nio-
bium contra V and Ta). Gold catalysts, based on carbons and Al;03
and TiO, oxides, were also tested for comparison. Our interest was
to study the influence of gold-support interaction on the activity
and selectivity in glycerol oxidation. Moreover, the influence of
preparation method, gold dispersion and the reaction conditions
are considered.

2. Experimental
2.1. Modification of the catalysts

Commercial oxides (V,05 — Aldrich, Nb,05 (cr) - Alfa-Aesar,
Nb,O5 x nH,O (am) - CBMM-Brasil, Ta;O5 - Aldrich, Al,03 -
Sasol) and carbon supports (C (ALD) - Aldrich and C (POCH) -
POCH-Poland) were modified by gold-sol method with tetrakis
(hydroxymethyl) phosphonium chloride (THPC) as a reducing
agent and HAuCly as a source of gold (1wt% of Au) according
to [11]. First, the metallic sols were prepared: H,0 (232 ml) with
0.2 M NaOH (7.5 ml) was stirred before adding 5 ml of diluted THPC
(1.2 ml of the 78 wt.% solution diluted with 100 ml H,O). After 2 min
of stirring, the gold aqueous solution (HAuCl, - Johnson Matthey)
was added (1 wt.% of Au). The gold-sols were then stirred for 1h.
Aqueous suspensions of the supports (5 g) were agitated for 15 min
in an ultrasonic bath. The gold-sols were added into the support
suspensions and stirred for 1 h for immobilisation. The suspension
was filtered, washed until the filtrate was free of chloride (AgNO3
test) and dried at 373 K. The materials prepared were calcined at
623K for 4 h.

Moreover, Nb;Os and Al,03 oxides were modified by
deposition-precipitation method with urea (DPU) [11]. An aque-
ous solution of HAuCly (calculated as 1 wt.% of Au) was added to a
stirred 0.84 M aqueous solution of urea (Fluka) and heated to 353 K
while stirring. Then the support was added and the suspension was
stirred at 353K for 4 h. The suspension was filtered, washed until
the filtrate was free of chloride (AgNOs test) and dried at 373 K. The
catalysts were calcined at 623 K for 4 h.

The following notation is used for the catalyst samples we
prepared: (sol) denotes gold-sol method, (DPU) stands for the
deposition—precipitation method with urea, (ALD) for carbon from
Aldrich, (POCH) stands for carbon from POCH company, (cr) for
crystalline niobia, and (am) denotes amorphous niobia.

In addition, for comparison, we used a reference gold catalyst
prepared by the World Gold Council - Au/TiO; (1 wt.% of Au).

2.2. Catalysts characterisation

All the materials were characterised by the use of standard
techniques: N, adsorption/desorption, XRD, ultraviolet-visible
(UV-vis), TEM, and test reactions.

The texture parameters of the samples were measured by nitro-
gen adsorption at 77K, using the conventional procedure on a
Micromeritics 2010 apparatus.

The XRD patterns were obtained on aD8 Advance diffractometer
(Bruker) using CuK, radiation (A=0.154nm), with a step size of
0.05° in the 2 = 6-60° range.

The UV-vis spectra were recorded on a Cary 300 Scan (Varian)
spectrometer. Catalysts in the form of powders were placed in the
cell equipped with a quartz window. The Kubelka-Munk (F(R)) was
used to convert reflectance measurements into equivalent absorp-
tion spectra using the reflectance of SPECTRALON as a reference.
The spectra were recorded in the range from 800 to 190 nm.

For transmission electron microscopy (TEM) measurements the
powders were deposited on a grid covered with a holey carbon
film and transferred to JEOL 2000 electron microscope operating at
80 kV.

The surface properties were characterised by test reactions -
acetonylacetone (AcoAc) cyclisation and 2-propanol decomposi-
tion.

A tubular, down-flow reactor was used in AcoAc cyclisation
reaction that was carried out at atmospheric pressure, using nitro-
gen as the carrier gas. The catalyst bed (0.05 g) was first activated
for 2 h at 623 K under nitrogen flow (40 cm® min—1). Subsequently,
0.5 cm? of acetonylacetone (Fluka, GC grade) was passed continu-
ously over the catalyst at 623 K. The substrate was delivered with
a pump system and vaporized before being passed through the
catalyst with the flow of nitrogen carrier gas (40 cm3 min~1). The
reaction products were collected for 30 min downstream of the
reactor in the cold trap (mixture of 2-propanol and liquid nitro-
gen) and analysed by gas chromatography (CHROM -5, Silicone
SE-30/Chromosorb G column).

The 2-propanol conversion (dehydration and dehydrogena-
tion) was performed, using a microcatalytic pulse reactor inserted
between the sample inlet and the column of a CHROM-5 chromato-
graph. The catalyst bed (0.05 g) was first activated at 623K for 2h
under helium flow (40 cm3 min~—1!). The 2-propanol (Aldrich) con-
version was studied at 423, 473, 523 and 573K using 3 .l pulses
of alcohol under helium flow (40 cm® min~1). The reactant and
the reaction products: propene, 2-propanone (acetone) and diiso-
propyl ether were analysed using CHROM-5 gas chromatograph on
line with microreactor. The reaction mixture was separated on 2 m
column filled with Carbowax 400 (80-100 mesh) at 338 Kin helium
flow (40 cm3 min—!) and detected by TCD.

2.3. Glycerol oxidation

The glycerol oxidation experiments were performed in a
300 cm?3 batch reactor from Parr. The oxidation reactions were car-
ried out with oxygen under pressure 6 atm, at 333 and 363 K. NaOH
(NaOH/glycerol molar ratio=2) and 0.2 g of gold catalyst (glyc-
erol/Au molar ratio=980) were added to a 1 M aqueous solution of
glycerol. The reaction mixture was stirred (1500 rpm) for 5 h (and
for selected samples additionally for 1 and 15 h). The quantitative
analyses of the reaction mixtures were performed by high per-
formance liquid chromatography (HPLC). The analysis was carried
out using HPLC chromatograph (Waters) equipped with ultravio-
let (UV) and refractive index (RI) detectors. The reactant and the
products were separated on an ion exclusion column (IC-Pak Ion
Exclusion 7.8 x 300 mm - Waters) heated at 343 K. The eluent was
a solution of H,SO4 (0.0004 M). The samples were taken at the end
of the reactions, 1 ml of the sample was diluted in 10 ml of water
and 5 .l of this solution was analysed.

3. Results
3.1. Catalysts characterisation
3.1.1. Textural properties of the supports

The results of BET analysis of the oxides and carbons used as
supports for gold are shown in Table 1. The BET surface areas of
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Table 1
Texture parameters of the catalyst’s supports.

Catalyst Surface area Average pore volume  Average pore diameter,
BET, m2g~! BJH, (ads.) cm3 g~! BJH, (ads.) nm
Nb,Os (cr) 7 0.02 12.3
Nb,0s (am) 30 0.09 4.2
V,05 10 0.05 24.7
Tay0s5 4 0.01 129
Al,05 190 0.49 7.7
C (ALD) 118 0.85 339
C (POCH) 700 0.34 6.2

Nb, 05 (cr), Taz05 and V5,05 are comparable, whereas Nb,Os (am)
shows a much greater surface area. The surface areas of alumina and
carbons are above 100 m?2/g. The greatest surface area (700 m?/g)
was observed for carbon from POCH.

The pore sizes of the supports ranged from 4 to 34 nm. Nb,05
(cr), V205 (cr) and C (ALD) exhibited the greatest pore sizes (12, 25
and 34 nm, respectively) among the supports chosen. It is worthy
of notice that the carbon from ALD is mainly a macroporous mate-
rial with wide pore size distribution, whereas POCH carbon shows
meso-macroporosity (domination of mesopores) as deduced from
its N, adsorption isotherm.

1 A
= AL AuNb,0, =)
w \ w

4 (cr)(DPU) ‘l

\ (am) (sol

3.1.2. The state of gold and the size of gold crystallites

The state of gold in the catalysts prepared was studied by UV-vis,
XRD and TEM techniques. The results clearly indicate that metallic
gold crystallites are formed on all materials and their size is deter-
mined by the chemical composition of the support and the method
of Au introduction.

UV-vis spectroscopy, commonly used for identification of
metallic gold, shows the presence of metallic gold on the surface of
all gold modified oxides (Fig. 1A-C). The observed intense UV-vis
band at 500 nm is typical of metallic gold [23].

The difference in the Au particle sizes on different carbons
and oxides is visible on TEM images (examples are shown in
Figs. 2 and 3).

The results obtained clearly indicate the effect of the method of
Au introduction on the size and dispersion of gold. The TEM images
indicate that the size of gold crystallites on the surface of the sam-
ples prepared by DPU method is much greater than that on catalysts
modified by gold-sol method. The average particle size estimated
from TEM images for the Au/Nb,Os prepared by DPU method is
about 25 nm, whereas in the sample prepared by gold-sol method
it is of about 10 nm. THPC used during gold-sol method stabilizes
the colloid gold solutions and that is why gold particle sizes are
smaller and their dispersion is greater. Among the supports mod-
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Fig. 1. UV-vis spectra of oxides and gold modified catalysts.

Fig. 2. TEM images of gold-sol modified carbons.



124 L. Sobczak et al. / Catalysis Today 158 (2010) 121-129
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Fig. 3. TEM images of gold-sol modified Nb,Os samples.

ified with the use of THPC, higher dispersion and smaller average
gold particle size were obtained on niobia (~6 nm for Au/Nb,Os (cr)
(sol) and ~10 nm for Au/Nb,0Os5 (am) (sol) and vanadia (~10 nm) as
well as on C (ALD) (~8 nm) than on Ta;0s5 and C (POCH) (~15 nm))
(Figs. 3 and 4). However, one cannot exclude that in the crystalline
oxides much smaller gold particles are hidden inside the crystal and
are not visible in TEM images. Interestingly, on Au/Al; O3 (DPU) the
Au particles observed in TEM image exhibit different sizes giving
the average Au particle size of 80 nm.

XRD patterns (not shown here) confirm the influence of prepa-
ration method on the size and dispersion of gold. The reflections
characteristic of metallic gold (at 2@ =38.2° and 44.4°) [24,25] are
well visible for the catalysts prepared by DPU method. In contrast,
only very low intense and broad XRD reflections from metallic gold
are present in the XRD patterns of the catalysts with all group five
metal oxides modified by gold-sol method.

3.1.3. Acidity/basicity of the catalysts - test reactions

3.1.3.1. Acetonylacetone cyclisation. The cyclisation of acetonylace-
tone was used as a test reaction for acid/base properties. This
reaction was proposed by Dessau [26] as Bregnsted acid-base test.
The formation of 2,5-dimethylfuran (DMF) occurs on acidic centres,
whereas basic centres take part in the production of 3-methyl-2-
cyclopentenone (MCP). On the basis of the ratio of the selectivity to
MCP to the selectivity to DMF, the catalysts prepared can be ordered
according to increasing basicity. According to literature [26,27] the
catalyst is considered basic if MCP/DMF > 1. When MCP/DMF « 1
the catalyst exhibits acidic properties, while for MCP/DMF ~ 1 the
acid-base character of the catalysts is postulated.

Table 2 summarises the results of this test reaction. Crystalline
forms of group five metal oxides and carbons show very low activ-
ity in AcoAc cyclisation. The amorphous Nb,O5 shows significantly
higher activity than the crystalline Nb,Os (cr). The modification
with gold increases the activity of the catalysts irrespective of the

method of gold introduction. It indicates that the modification gen-
erates new active centres responsible for the activity increase. For
all gold containing catalysts based on group five metal oxides and
carbons. DMF is the only product of the reaction that points to the
acidic (Brensted acid sites) character of these materials. Contrary,
it is noteworthy that alumina based catalysts exhibit the highest
activity in AcoAc cyclisation among the samples studied and basic
properties concluded from MCP/DMF ratio (MCP/DMF>1). One
can see the prevalence of MCP in the reaction products (Table 2),
indicating the domination of basicity in both types of these gold
catalysts (sol and DPU). The basicity originates from the support -
Al;03 [28] - and it is partially reduced by gold loading.

Table 2
The results of acetonylacetone (AcoAc) cyclisation at 623 K.

Catalyst Conversion, % Selectivity  Selectivity MCP/
DMF, % MCP, % DMF
Nb,Os (cr) 1.0 100 0 0
Au/Nb, 05 (cr) (sol) 1.1 100 0 0
Au/Nb,Os (cr) (DPU) 1.9 100 0 0
Nb, 05 (am) 7.6 100 0 0
Au/Nb, 05 (am) (sol) 10.5 100 0 0
Au/Nb, 05 (am) (DPU) 133 100 0 0
V505 0.4 100 0 0
Au/V,0s (sol) 0.6 100 0 0
Ta,05 0.7 100 0 0
Au/Ta;0s (sol) 0.9 100 0 0
Al,03 26.0 6.1 93.9 15.5
Au/Al,03 (sol) 134 7.3 92.7 12.8
Au/Al,03 (DPU) 32.0 10.3 89.7 8.8
C (Ald) 0 0 0 0
Au/C (Ald) (sol) 7.5 100 0 0
C (POCH) 1.2 100 0 0
Au/C (POCH) (sol) 12.2 100 0 0
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Fig. 4. Glycerol conversion and the yield of glyceric acid production on Au/C (ALD), Au/Nb,Os (cr) (sol) and Au/Nb,Os (am) (sol) catalysts (reaction conditions: glycerol
100 mmol/kg, NaOH/glycerol molar ratio =2, stirring=1500 rpm, T=333K, po, = 6 bar, time=5h).

Table 3
The results of 2-propanol decomposition at 473 K.

Catalyst Conversion Selectivity [%] towards
i-PrOH [%]
Propene Ether Acetone

Nb,Os (cr) 9 76 24 0
Au/Nb, 05 (cr) (sol) 6 65 5 30
Au/Nb,0s (cr) (DPU) 1 100 0 0
Nb,05 (am) 13 100 0 0
Au/Nb, 05 (am) (sol) 49 90 2 8
V,0s5 39 74 8 2
Au/V,0s (sol) 89 6 90 4
T61205 0 0 0 0
Au/Ta;0s5 (sol) 0 0 0 0
Al,03 61 0 100 0
Au/Al,0; (sol) 1 28 0 72
Au/Al, 03 (DPU) 1 30 0 70
C (Ald) 0 0 0 0
Au/C (Ald) (sol) 17 99 0 1
Au/C (POCH) (sol) 10 96 0 4

3.1.3.2. 2-Propanol decomposition. The 2-propanol decomposition
is a test reaction for characterisation of acidic (Brensted or Lewis)
and/or basic properties of solids [29]. Dehydration of alcohol to
propene and/or diisopropyl ether requires acidic centres (Lewis or
Brgnsted), whereas the dehydrogenation to acetone occurs on the
basic sites. Itis noteworthy that ether production requires the pres-
ence of pairs of Lewis acid-base centres. Some authors (e.g. [30])
have reported that acetone formation takes place on redox centres.
The conversion of 2-propanol is much higher in the presence of
acidic centres on the catalyst surface than that on basic catalysts.
The alcohol conversion on gold containing samples differs
depending on the nature of the support (Table 3). Among the metal
oxide supports, Ta;0s is inactive in the reaction of i-propanol at
473K and gold loading does not change this feature. The lack of

Table 4

activity is observed also on pure carbon samples. However, the
modification of carbons with Au species enhances the activity by
generating acidic centres as deduced from a very high selectivity to
propene. This behaviour can be caused by the use of auric acid as
gold source and carbon treatment with acid leads to the generation
of acid centres. Among the metal oxides used as supports the high-
est conversion of i-propanol is observed on alumina that exhibits
the presence of pairs of Lewis acid-base centres active in the for-
mation of diisopropyl ether. Interestingly, the gold loading by both
methods (sol and DPU) diminishes significantly the activity of alu-
mina as well as Nb,Os5 (cr). That phenomenon can be interpreted
as aresult of the strong interaction of Lewis acid-base centres with
gold species. Different behaviour is noted for gold modified vana-
dia and amorphous niobia, for which Au loading leads to increased
activity and changes in selectivity. Especially important for fur-
ther study of glycerol oxidation, is the generation of Lewis basicity
on both materials, leading to the formation of ether (mainly on
Au/V;,05 (sol) in which both acid and basic sites are active) and
acetone from i-propanol. It is important to stress the high selectiv-
ity to acetone observed on Au/Nb,Os (cr) (sol), which indicates the
accessibility of basic centres for the reagents on this catalyst based
on crystalline niobia.

3.2. Glycerol oxidation

3.2.1. Effect of the stirring speed

For our experiment we have selected the commonly used condi-
tions, i.e. NaOH/glycerol molar ratio =2, oxygen pressure of 6atm
and 333K as the standard reaction conditions. The choice of the
stirring speed (1500 rpm) was made on the basis of the experiment
performed with stirring speeds from the range 800-2200 rpm. As
shown in Table 4 for Au/C (ALD) the lowest stirring speed (800 rpm)

Liquid phase oxidation of glycerol using Au-supported catalysts - effect of stirring speed.

Catalyst Stirring speed, rpm Glycerol conv. % Selectivity, %
Glyceric acid Tartronic acid Glycolic acid Formic acid Oxalic acid

Au/C (ALD) (sol) 800 49 16 8 4 3
Au/C (ALD) (sol) 1500 76 36 8 7 4 1
Au/C (ALD) (sol) 2200 97 25 5 9 4 2
Au/Nb, 05 (cr) (sol) 1500 67 47 5 5 4 -
Au/Nb,0s (cr) (sol) 2200 84 34 4 4 3 -
Au/Nb,0s5 (am) (sol) 1500 31 55 2 1 1 -
Au/Nb, 05 (am) (sol) 2200 50 27 1 2 1 -

Reaction conditions: glycerol 100 mmol/kg, NaOH/glycerol molar ratio=2, T=333K, po, = 6bar, time=>5h.
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gives the lowest activity and the selectivity to glyceric acid. The
increase in the stirring speed from 1500 to 2200 rpm results in
increase in the activity of Au/C (ALD) catalyst but decrease in the
selectivity to glyceric acid. The same behaviour was observed when
the tests were performed on amorphous and crystalline Nb,Os5
based gold catalysts. The porosity of all these three tested samples
significantly differs (Table 1) and the effect of stirring speed was the
same for all of them (the increase in activity by ca. 20%). Therefore,
one could suggest that the growth of activity with the increase in
the stirring speed does not originate from the increase in the dif-
fusion rate in pores but rather from the transport of products from
solid to liquid. Our choice for further study was the stirring speed
of 1500 rpm because it ensured the highest selectivity to glyceric
acid.

3.2.2. Effect of the support and the method of gold introduction

The oxidation of glycerol with oxygen was investigated using
the 1% Au-containing catalysts at 333 K and the results are given in
Table 5. Group Five metal oxides (V,0s5, Nb,0s5, and Ta;05) were
used as supports for gold. Moreover, two types of different carbons
(POCH and ALD) and alumina catalysts were used for a comparative
study. Similarly as shown in the literature for carbons and oxides
(MgO and Ce0O,) modified with gold [11,14], the activity of gold cat-
alysts studied in this work in glycerol oxidation strongly depends
on the preparation method. The gold-sol method that leads to the
better gold dispersion and smaller gold particle size gives catalysts
more active than the catalysts prepared by DP method with the use
of urea. It confirms the earliest results that smaller gold particles
(<20 nm) are more active in glycerol oxidation [11,12].

Moreover, the results obtained indicate that among group V
metal oxides the highest activity was obtained for crystalline nio-
bium oxide modified with gold by the gold-sol method (Au/Nb,0s5
(cr) (sol)). The conversion of glycerol on this catalyst is compara-
ble to the conversion reached for gold supported on carbon from
ALD. Amorphous Nb,O5 modified with Au (Au/Nb, 05 (am) (sol)) is
less active than the crystalline form, but its activity is higher than
that of gold catalysts based on other group five metal oxides. The
Au/Ta, 05 (sol), Au/V, 05 (sol) oxides, as well as Au/Al, O3 (sol) show
lower activity in glycerol oxidation. It indicates the role of Au-Nb
interactions in Au/Nb,Os catalysts (SMSI between gold and nio-
bium). The Au-Nb interaction in the crystalline Nb,Os is stronger
than in amorphous Nb,Os because niobium in the crystal phase
occupies also the positions in the corners and edges of the crys-
tals in which Nb species is unsaturated. Such unsaturated niobium
species strongly interact with gold particles and stabilize them. It
is the reason for better gold dispersion on crystalline niobia than
on amorphous ones.

Considering the specific surface area and average pore diameter
of the different supports with respect to the corresponding activ-
ity, no direct correlation can be found (Tables 1 and 5). A similar
behaviour was found earlier for different carbons [15] and CeO,
oxides [14]. It was shown that no specific surface area of carbon
and CeO, supports determines the catalytic properties of gold. The
results presented in Table 5 confirm this statement. When the glyc-
erol conversion is calculated as mmol Gly/m? of the catalyst the
activity of gold-loaded carbons and alumina is much lower than the
activity of group five metal oxides modified with gold, especially
Au/Nb,Os (Table 5).

The highest activity (91% of glycerol conversion) in oxidation of
glycerol was observed for commercial MINTEK catalyst — gold sup-
ported on TiO; (Table 5). The conversion obtained with Au/TiO, was
exactly the same as observed in the oxidation experiment described
in [16].

As shown in Table 5, all gold supported oxides and carbons acti-
vate the reaction mainly towards glyceric acid. Other products of
oxidation formed besides glyceric acid include: glycolic, tartronic,

Table 5

Liquid phase oxidation of glycerol using Au-supported catalysts - effect of the support and the method of Au introduction.

Yield, %

Glycerol conv., Selectivity, %

Glycerol conv., %

Catalyst

mmol/m? x 102

Glyceric acid  Tartronicacid  Glycolicacid  Formic acid  Oxalic acid

Oxalic acid

Tartronic acid  Glycolic acid  Formic acid

Glyceric acid

22
47

Traces
3.0
0.6

Traces
4.0

Traces

Traces

42
478

Nb,Os (cr)

2.0
0.4

32

67

Au/Nb,0s (cr) (sol)

0.5

2.0
0.1

15

78

11

Au/Nb,0s (cr) (DPU)

Nb,O0s (am)

Traces
0.4
0.5

0.3

Traces

0.3

0.7

16.9

52 55

31

Au/Nb,0s (am) (sol)

Traces

03

Traces

17
25
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2,T=

Reaction conditions: glycerol 100 mmol/kg, NaOH/glycerol molar ratio

2 Reference catalyst supplied by World Gold Council.
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Table 6
Liquid phase oxidation of glycerol using Au-supported catalysts - effect of the reaction time.
Catalyst Time, h Glycerol conv., % Selectivity, %
Glyceric acid Tartronic acid Glycolic acid Formic acid Oxalic acid
Au/Nb,0s (cr) (sol) 1 36 31 3 6 4 -
Au/Nb,Os (cr) (sol) 5 67 47 5 5 4 -
Au/Nb,Os (cr) (sol) 15 94 43 5 7 5 Traces
Au/C (ALD) (sol) 1 71 34 6 10 6 2
Au/C (ALD) (sol) 5 76 36 8 7 4 1
Au/TiO? 1 65 38 3 4 3 1
Au/TiO? 5 91 38 7 4 3 2
Reaction conditions: glycerol 100 mmol/kg, NaOH/glycerol molar ratio=2, T=333K, po, = 6 bar, stirring=1500 rpm.
2 Reference catalyst supplied by World Gold Council.
Table 7
Liquid phase oxidation of glycerol using Au-supported catalysts - effect of the reaction temperature.
Catalyst Temp., K Glycerol Selectivity, % Yield, %
conv., %
Glyceric acid Tartronic acid Glycolic acid Formic acid Glycericacid Tartronic acid Glycolic acid Formic acid
Au/Nb,0s5 (am) (sol) 333 31 55 2 1 1 16.9 0.7 0.4 0.3
Au/Nb,0s (am) (sol) 363 79 42 3 0.1 1.1 32.8 2.7 0.1 0.9
Au/Ta,0s5 (sol) 333 13 6 3 6 3 0.8 03 0.8 0.4
Au/Ta, 05 (sol) 363 50 21 1 16 8 103 0.3 7.9 4.1
Au/Al, 03 (sol) 886 28 28 1 6 4 7.6 0.2 1.7 1.2
Au/Al, 05 (sol) 363 78 30 4 5 5 23.1 2.7 3.8 3.7

Reaction conditions: glycerol 100 mmol/kg, NaOH/glycerol molar ratio=2, po, = 6 bar, stirring=1500 rpm, time =5 h.

glycolic, oxalic and formic acids. However, the yields of these prod-
ucts are low.

Fig. 4 presents a comparison of glycerol conversion and the yield
of glyceric acid production on the most active catalysts: gold sup-
ported on carbon and on niobia. It is clearly seen that even if the
activity of carbon supported gold catalysts is a little higher than
that of Au/Nb, 05 (cr) (sol) the yield of glyceric acid is higher on the
latter catalyst.

The sum of the selectivities towards products of glycerol oxi-
dation is lower than 100%. It could be due to the polymerization
of the reaction products to compounds not detected by the HPLC
analytical method, oxidation of the reaction products to CO, or the
adsorption of products on the supports surface as was mentioned
in [10].

3.2.3. Effect of the reaction time

The effect of the reaction time was also investigated for the
selected samples. The results of glycerol oxidation after 1, 5 and
15 hare showninTable 6. The data indicate a significant decrease in
the activity when the reaction time decreases from 5 to 1 h, except
for the gold catalysts based on activated carbon. In the last case
a high conversion was reached after 1h and remained almost the
same as after 5 h. Probably it is caused by the highest pore volume
in this catalyst.

The increase in the reaction time to 15h, for the most active
among group V metal oxides sample, i.e. Au/Nb, Os (cr) (sol), causes
a significant increase in the activity. The conversion of glycerol is
almost total. It indicates that the increase in the contact time allows

Table 8

Liquid phase oxidation of glycerol using Au/Nb,Os (cr) (sol) catalyst - reuse of catalyst.

obtaining a very high activity, comparable to that obtained on gold
supported carbons.

Moreover, it is worth noting that the reaction time has almost
no influence on the selectivity towards the products of glycerol
oxidation.

3.2.4. Effect of the reaction temperature

To get further information on the behaviour of the catalysts,
oxidation experiments were carried out at different temperatures.
The studies were performed for the gold/oxides catalysts showing
low activity at 333 K. The increase in the reaction temperature from
333 to 363 K causes a significant increase in the glycerol conversion
shown in Table 7.

Simultaneously, the increase in glyceric acid yield is observed.
Like at 333K, glyceric acid is the main product of the reaction at
363 K. However, it is worth noting that when using the niobia cata-
lyst Au/Nb,Os5 (am) (sol), the selectivity to glyceric acid decreases,
whereas the selectivities to and yields of tartronic and formic acids
are enhanced at higher temperature. It means that temperature
promotes the oxidation of glyceric acid to other products of oxi-
dation (mainly tartronic acid) showing that the glyceric acid is a
by-product in the formation of tartronic and formic ones.

3.2.5. Reuse of the catalysts

It is know from literature that Au/carbon catalysts used in glyc-
erol oxidation can be used several times without deactivation [31].
Gold on carbon shows the best stability in recycling tests (greater
than palladium or platinum on carbon catalysts), showing neither

Catalyst Glycerol conv., % Selectivity, %

Glyceric acid Tartronic acid Glycolic acid Formic acid
Au/Nb,Os (cr) (sol) first reaction 67 47 5 5 4
Au/Nb, 05 (cr) (sol) second reaction 61 46 4 5 4

Reaction conditions: glycerol 100 mmol/kg, NaOH/glycerol molar ratio=2, T=333K, po, = 6bar, stirring=1500rpm, time=5 h.
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Scheme 1. Possible reaction pathway for glycerol oxidation.

deactivation nor metal leaching. The results of the reuse exper-
iments for Au/Nb,Os (cr) (sol) are shown in Table 8. It is worth
emphasizing that the catalyst used in the first reaction was sim-
ply recovered by decantation of the solvent after the reaction and
reused without any washing and drying. The datain Table 8 indicate
only slightly decrease in glycerol conversion, with no considerable
changes in the selectivity. The small decrease in the activity can be
ascribed to a small loss of the catalyst during the workup.

4. Discussion

The idea of this study was to compare the activity and selectiv-
ity of gold catalysts supported on various oxides with the catalytic
properties of Au supported on carbons in the oxidation of glycerol.
Results of our study confirmed the earlier reports for Au deposited
on carbons[11,14] showing that the gold-sol method used for mod-
ification of the metal oxides ensures higher gold dispersion than
that obtained by the deposition-precipitation one. Therefore, our
further considerations concern the catalysts prepared by the gold-
sol technique.

The nature of metal oxides used as supports of gold species
determines their acid-base properties which influences both, the
particle size of metallic gold loaded on their surface and the final
activity and selectivity in the oxidation of glycerol. Alumina applied
in this study exhibits basic character as follows from the test

reactions. Therefore, AuCl(OH);~ (formed from AuCl,~ at pH 6-8)
ions used for the modification are not strongly anchored on its
surface, which results in a higher agglomeration of metallic gold
during calcination. It leads to greater particle size of gold. In con-
trast, vanadium and niobium oxides showing the domination of
acidic character of the surface, formed stronger connections with
AuCl(OH);~ ions and as a consequence the dispersion of gold on
them after calcination was higher. Another important parameter
is the crystallinity of the oxide. Anhydrous niobium(V) oxide is
a crystalline material, whereas the hydrous oxide is amorphous.
The first contains unsaturated niobium atoms at the corners and
edges of the crystals that stronger interact with gold precursor than
saturated Nb species in amorphous niobia. Such interaction could
increase the activity of oxygen from Nb,O5 active in the abstraction
of proton from glycerol. The overall selectivity of the reaction is a
resultant of combination of various factors. Among them the basic-
ity and acidity of gold catalysts play an important role because these
parameters determine the product stability.

Considering the mechanisms of glycerol oxidation process pre-
sented in literature [9,11,13] the oxidation of glycerol to glyceric
acid on gold containing group five metal oxides most probably
proceeds via initial formation of glyceraldehyde, which is rapidly
oxidised to glyceric acid. The presence of tartronic acid and C2 or
C1 by-products among the reaction products indicates that the fur-
ther oxidation of glyceric acid leads to tartronic acid which would
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be expected to undergo facile decarboxylation to give glycolic acid
[16]. The origin of formic acid is less obvious. However, as was sug-
gested in [16], it is possible that the initially formed glyceric acid
could undergo a reverse-aldol fragmentation to give glycolic acid
directly and formaldehyde, oxidation of which would then account
for the formic acid. The relative rates of each step of the reaction are
determined by the nature of gold supports and therefore, depend-
ing on the support, various selectivities are reached. The possible
reaction pathways for the partial oxidation of glycerol with gold
loaded on group five metal oxides are shown in Scheme 1.

The first step of the reaction is the abstraction of a proton
from the glycerol molecule, which usually involves the presence
of Lewis basic centres on the catalyst. Such a process leads to glyc-
eric aldehyde or hydroxyacetone. Interconversion between these
dehydrogenation products occurs. The next step is aldehyde oxi-
dation to glyceric acid and it is very fast, faster then the oxidation
of ketone, and therefore the glyceric acid dominates among the
reaction products. Among the metal oxides based catalysts, the
highest basicity, deduced from the test reactions applied in this
work, exhibit Au/Al;03 (sol), Au/Al,03 (DPU) and Au/Nb,Os (cr)
(sol) but their activity is not simply related to basicity because of
different gold dispersion (much higher for niobia based catalyst). It
confirms that oxidation of glycerol is a complex process and many
parameters determine the activity and selectivity of the catalysts
used. Interestingly, Au/C (Ald) (sol), which reveals acidic character
in test reactions, demonstrates the highest activity and a very high
yield of glyceric acid. This phenomenon is understood taking into
account the basic medium of the reaction. The role of acidity of this
catalyst is demonstrated by the relatively high yield of glycolic acid
(5.1%). For the formation of this product the cracking of the C-C
bond is necessary. Cracking is catalysed by the acidic centres on
the catalyst surface. Such centres also exist on Au/Nb,Os5 (cr) (sol)
along with basic sites. Therefore, glycolic acid is also formed on this
catalyst (yield of 3%) in the amount higher than on the other oxide
based gold catalysts (yield below 3%).

The oxidation of glycerol is a typical consecutive reaction
proceeding according to the rake model. In such a process the
selectivity is strongly determined by the adsorption and desorp-
tion rate of each product. Thus, the relation between the rate of
desorption of glyceric acid and the rate of its oxidation to tartronic
acid determines the selectivity to one or the other product. The
faster the desorption of glyceric acid the lower the selectivity to
tartronic acid. The rate of desorption increases with the increasing
temperature and chemisorption of glyceric acid on the catalyst sur-
face. Therefore, the higher yield of tartronic acid is noted at higher
temperatures (Table 7). Glyceric acid can be chemisorbed on both,
Lewis basic centres interacting with OH groups and Brensted acid
sites. So, the difference in the acid-base properties of the cata-
lysts used in this study implies the difference in the tartronic acid
production. However, in all experiments performed within this
study the main reaction product is glyceric acid suggesting that
the chemisorption of glyceric acid is relatively week.

5. Conclusions

The most important conclusion following from this study is that
Au/Nb,Os (cr) (sol) catalyst is attractive for the liquid phase oxida-
tion of glycerol showing high selectivity to glyceric acid and the
ability of reuse. Its catalytic properties in this process are compa-
rable with those noted for Au loaded on carbon, known as the best

catalyst of this process. Similar activities and selectivities of both
samples were observed in spite of the different acid-base proper-
ties of their surfaces. It indicates that many parameters determine
the effectiveness of glycerol oxidation. The influences of the nature
of the support and its crystallinity as well as the method of gold
loading and acidic-basic properties of gold catalysts were con-
sidered. The gold-sol method used for the modification of oxides
ensures high gold dispersion and smaller Au crystallites than the
deposition-precipitation one. That is why the modification with Au
with THPC as a reducing agent is recommended. Moreover, a sig-
nificant difference between the amorphous and crystalline niobia
used as supports of gold was established and better performance
of anhydrous crystalline Nb,O5 was shown.
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