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Abstract The base free oxidation of glycerol with
molecular oxygen in water using bimetallic Au-Pt catalysts
on three different acidic zeolite supports (H-mordenite,
H-B and H-USY) was explored in a batch setup. At tem-
peratures between 140 and 180 °C, lactic acid formation
was significant and highest selectivity (60 % lactic acid at
80 % glycerol conversion) was obtained using Au-Pt/
USY-600 (180 °C). A selectivity switch to glyceric acid
(GLYA) was observed when the reactions were performed
at 100 °C. Highest conversion and selectivity towards
GLYA were obtained with Au-Pt/H-B as the catalyst
(68 % selectivity at 68 % conversion).
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1 Introduction

The progressive depletion of fossil resources combined
with environmental- and economic issues have led to the
development of biomass derived fuels and chemicals. A
well-known biofuel is biodiesel, obtained by the transe-
sterification of vegetable oils with short chain alcohols in
the presence of a catalyst. The main byproduct is glycerol
(10 wt% based on plant oil). Growing global biodiesel
production levels have led to an oversupply of glycerol and
as such, the identification of value added outlets for glyc-
erol has been actively pursued. Well known examples are
esterification, etherification, oxidation and reduction reac-
tions leading to many (potentially) attractive bulk- and
fine-chemicals [1-3].

Oxidation of glycerol using noble metal catalysts is an
active field of research [4-8]. For instance, gold nanopar-
ticles immobilized on various solid supports have shown to
be very attractive heterogeneous catalysts for alcohol oxi-
dations. The oxidation of glycerol in aqueous alkaline
conditions using Au supported catalyst may lead to gly-
ceric acid (GLYA), tartronic acid (TART), hydroxypyruvic
acid (HYPA), mesoxalic acid (MOXA) and lactic acid
(LACT) in association with C, acids such as glycolic acid
(GLYC), oxalic acid (OXAL) and formic acid (FORM) [4,
9-11]. Selectivity is a critical issue, though may be tuned
by proper selection of the process conditions and the choice
of the catalyst components (noble metal(s) and support
type).

LACT is currently used as the monomer for the pro-
duction of poly(lactic-acid), a biodegradable plastic. LACT
is also an interesting platform molecule from which a
number of bulk chemicals such as acrylic acid, pyruvic
acid and propionic acid can be derived [12, 13]. The cur-
rent commercial production of LACT by fermentation
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generates large amounts of salts and extensive purification/
downstream processing is required. Separation and purifi-
cation of LACT from fermentation broths contributes up to
50 % of the production costs [14].

A limited number of publications have appeared on the
direct conversion of glycerol to LACT or its Na salt.
Examples are the base assisted hydrothermal conversion of
glycerol to sodium lactate (90 mol% yield) at elevated
temperatures (300 °C, 4 equivalents of NaOH to glycerol)
[15] and various metal catalyzed conversions in aqueous
media [16-20]. Recently, we have shown the use of an
Au-Pt/nanoceria catalyst for the efficient conversion of
glycerol to LACT (80 % selectivity at 99 % glycerol
conversion) in water at 100 °C in the presence of NaOH (4
equivalents of NaOH to glycerol) [21]. Very recently an
Au-Pd/TiO2 catalyst in combination with a homogeneous
Lewis acid catalyst (AlCl5) has been reported for the direct
conversion of glycerol to LACT in base free conditions.
However severe hydrolysis of AICl; in water resulted in the
deposition of precipitates on the catalyst surface, leading to
catalyst deactivation [22].

The main disadvantage of noble metal based catalytic
systems for the conversion of glycerol in water to LACT is
the necessity of the presence of a strong base, typically in a
fourfold excess compared to glycerol, to achieve reason-
able reaction rates. The base results in the formation of
carboxylic acid-salt and further downstream processing is
required to purify the product and neutralize the excess
base. Furthermore, the presence of a base also affects the
selectivity towards the desired product by inducing base
catalyzed side reactions. Therefore, the development of
catalysts that are able to convert glycerol to LACT without
the addition of a base or other additives is highly desirable,
and this, to the best of our knowledge, has so far not been
reported to date.

Recent studies have shown that base free glycerol oxi-
dations to GLYA are indeed possible by proper tailoring
the oxidation catalyst. These findings may also provide
valuable input for the conversion of glycerol to LACT and
will as such be reviewed shortly. Most attention so far is
given to mono- and bi-metallic noble metal based catalyst
on basic supports. For instance, Brett et al. [23] have
reported the use of bimetallic Au—Pt and Au—Pd on MgO as
promising catalysts for the base free oxidation of glycerol
to GLYA up to 85 % selectivity (ambient conditions and
3 bar oxygen, 24 h reaction time). When using Pt on
hydrotalcites, a high GLYA selectivity of 78 % at 47 %
glycerol conversion (6 h, room temperature) was reported
[24]. Recently, bimetallic Pt—Au particles deposited on a
hydrotalcite using starch as the stabilizing/reducing agent
showed promising activity at ambient and base free
conditions for the conversion of glycerol to GLYA (78 %
selectivity at 73 % glycerol conversion) [25]. Carbon
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supports have been also explored. For instance, Liang et al.
[26] have shown that Pt on multiwalled carbon nanotubes
give 50 % yield of GLYA (70 % GLYA selectivity at
70 % conversion after 6 h at 60 °C), another example is the
use of Pt-Cu/C which resulted in GLYA selectivities of
71 % at 86 % glycerol conversion (base free conditions,
60 °C, oxygen atmosphere) [27]. The only report to date on
the use of acidic supports is from Villa et al. [28] where it
was shown that the use of H-mordenite for monometallic
(Au and Pt) and bimetallic (Au-Pt) nanoparticles gives
GLYA in 83 % selectivity at 70 % glycerol conversion
(Au-Pt/H-mordenite, 100 °C, 3 atm of oxygen). In this paper,
we report on the synthesis, characterization and performance
of bimetallic (Au—Pt) catalysts on various commercially
available acidic zeolite supports such as H-mordenite, H-3
and H-USY for the base free, one pot conversion of glycerol
to LACT in water using molecular oxygen as the oxidant.
The liquid phase product composition after reaction was
determined in detail and reaction pathways are proposed to
explain the observed product selectivities.

2 Experimental Section
2.1 Materials

Glycerol (=99 %), HAuCl4.3H,O (>99.9 %), K,PtCly
(98 %), polyvinyl alcohol (PVA) Mw 13.000-23.000) and
NaBH; (>98 %) were obtained from Sigma-Aldrich.
Zeolite-Y (CBV-720, CBV712 and CBV 600), mordenite
(CBV-21A), and zeolite-p (CP814E) were procured from
Zeolyst international. Zeolites in their ammonium form were
calcined at 550 °C for 6 h to convert to the H-form. Oxygen
(99.995 %) was obtained from Linde Gas Benelux B.V., the
Netherlands and hydrogen (9.86 vol% in nitrogen) from
Praxair, Belgium.

2.2 Catalyst Synthesis
2.2.1 Monometallic (Au and Pt) Catalysts

Monometallic Au and Pt catalysts were synthesized by a
procedure reported elsewhere [29]. HAuCly.3H,0O or
K,PtCl; (0.072 mmol) was dissolved in milli-Q water
(140 mL) containing polyvinyl alcohol (2 wt% solution,
1.9 mL) as the protecting agent. Metal reduction was per-
formed using NaBH, (2.13 mL of a 0.1 M solution). The
pH of the colloidal suspension was adjusted to 2.5 using
diluted H,SO4 (0.2 M). The support was added to the
colloidal suspension under vigorous stirring. An adsorption
time of 2.5 h was employed for the deposition of the col-
loid on the support. The intake of support was set to obtain
a final metal loading of 0.7 wt%. The -catalyst was
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separated by filtration and washed thoroughly with deion-
ized water. Finally, the catalyst was dried at 100 °C under
static air.

2.2.2 Bimetallic (Au—Pt) Catalysts by Sequential
Deposition

Bimetallic catalysts on zeolites were prepared by a seq-
ential deposition method as reported previously [28]. In a
typical procedure, Au on zeolite (1 g) having a gold
loading of 0.7 wt%, was suspended in milli-Q water
(120 mL) containing K,PtCl, (0.0064 g) and a PVA solu-
tion (220 pL, 2 wt%). Hydrogen gas (9.86 vol% in nitro-
gen) was bubbled through this slurry at a flow rate of
150 mL/min at atmospheric pressure and room temperature
for 6 h. This slurry was stirred overnight (16 h). The cat-
alyst was recovered by filtration, subsequently washed
exhaustively with deionised water and finally dried at
100 °C under static air.

2.3 Catalyst Characterization

Transmission electron microscopy (TEM) measurements
were performed on a JEOL JEM 1011 instrument operating
at 200 kV. Catalyst samples were finely powdered and
dispersed in ethanol. A small drop of this dispersion was
deposited on a copper grid coated with carbon. Particle size
distributions of the catalysts were determined from the
TEM pictures by measuring the dimensions of 150-200
particles. Spherical aberration (Cg) corrected STEM was
performed using a FEI Titan XFEG 60-300, operated at
200 kV equipped with an EDAX EDS detector, and a
CEOS probe corrector allowing a point resolution of 0.8 A.

ICP-OES analyses to determine the amount of metals in
the solid catalysts were performed using a Perkin Elmer
optima7000 DV instrument.

2.4 Catalytic Experiments

Catalytic experiments were performed in 75 mL Hastelloy
C-276 autoclaves (Parr Series 5000 Multiple Reactor
System). The autoclave was charged with a glycerol
solution (6 mmol) in deionised water (20 mL). Subse-
quently, the catalyst was added (glycerol to noble metal
ratio of 1,000 mol/mol) and the autoclave was closed,
flushed with oxygen and finally pressurized with 3 bar of
oxygen. The reactor contents were heated to the desired
temperature under stirring with a magnetic stirring bar
(700 rpm). After the specified reaction time, the reactor
was cooled immediately to room temperature using an ice
water bath, depressurised and samples were taken for
HPLC analyses.

2.5 Product Analyses by HPLC

Reaction mixtures were analysed on a Waters high pressure
liquid chromatography (HPLC) instrument equipped with
an Alltech IOA-1000 column maintained at 90 °C using
H,SO,4 (3 mM) in ultra-pure water as the eluent with a flow
rate of 0.4 mL/min. The components were identified using
an UV (210 nm) and an RI detector by comparison with
authentic samples. Concentrations were determined using
calibration curves obtained by injecting standard solutions
of known concentrations.

2.6 Definitions

Glycerol conversion is defined as:

Ce0 — C
ng%xmo% (1)

80
where C, is the concentration of glycerol after a certain
reaction time and C, is the initial glycerol concentration.
Product selectivity for a compound P is C-based and
defined as:

C
Sp=—-"L— % 100 Cmol% (2)

Ceo — G
where C, is the concentration of a product after a certain
reaction time. Carbon based selectivities were used to
compensate for the effects that not all products have a
similar carbon number.
The percentage of HPLC detectable compounds (PDC)
is C-based and defined as follows:

CJi
PDC = _2.Gpi x 100 Cmol% (3)
Ceo — G

3 Results and Discussions
3.1 Catalyst Synthesis and Characterization

The bimetallic (Au-Pt) catalysts were prepared by a col-
loidal deposition method using a two step procedure. In the
first step, monometallic Au catalysts were prepared and
isolated, followed by a second step involving the intro-
duction of Pt. Commercially available acidic supports were
used: H-mordenite (H-MOR) with a Si/Al ratio of 20;
Zeolite B with a Si/Al ratio of 25 and three USY zeolites
with different Si/Al ratios (USY-720 (Si/Al = 30), USY-
712 (Si/Al = 12) and USY-600 (Si/Al = 5.2). All catalysts
contained 0.7 wt% of Au and 0.3 wt% of Pt (ICP-EOS).
Relevant catalysts were characterised bright-field
transmission electron microscopy (BF-TEM) and C-cor-
rected STEM-HAADF. Representative TEM pictures are
given in Fig. S-1; the average metal particle size for the
zeolite supported catalysts was estimated after the analysis
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Fig. 1 a, b C,-STEM images
for Au-Pt/Hf} (CP814E) at
different magnifications

Fig. 2 a C, corrected STEM-
HAADF image of Au-Pt/Hf
(CP814E). b Atomic resolution
image of the particle marked by
the red square in a displaying
an icosahedral nature. ¢ Local
EDS analysis of the particle (b)

Counts

of 200 different nanoparticles (NPs) obtaining a value of
4-4.5 nm.

Metal distribution can be clearly observed in Fig. 1a and
Fig. S-2 for Au-Pt/H-B. An even distribution of the NPs
over the zeolitic surface was observed. In a closer
inspection in Fig. 1b the zeolite pore structure can also be
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Energy (keV)

identified together with the bimetallic nanoparticles. A
number of particles of this bimetallic catalyst were ana-
lysed by energy dispersive X-ray spectroscopy (XEDS) to
obtain the composition of individual metal nanoparticles
(Fig. 2; Fig. S-3 and S-4) corroborating the bimetallic
nature (AuPt) of the NPs.
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Table 1 Overview of experiments using bimetallic Au—Pt catalysts on various zeolite supports
Entry  Catalyst Temp Conv. Selectivity (mol% C)
O (%) ; o
GLA LACT GLYA TART PYRA ACET GLYC OXAL FORM unknown® PDC
(mol% C)
1 Au-P/USY-712 140 71 <1 24 14 <1 <l 4 14 3 2 4 64
2 Au-Pt/USY-600 140 70 <1 24 7 <1 <1 4 9 5 3 4 57
3 Au-Pt/HMOR 140 40 3 19 8 0 <l 13 11 2 3 1 60
4 Au-Pt/Hp 140 59 2 13 12 2 7 11 2 2 4 55
5 Au-Pt/USY-712 180 81 <1 57 4 <1 <l 4 9 <1 3 3 81
6 Au-Pt/USY-600 180 80 <1 60 3 <1 <1 4 10 <l 3 3 84
7 None 180 5 <1 61 - - - 18 12 - 1 <l 92

Reaction conditions: 0.3 M glycerol in water, time = 2 h, P(O,) = 3 bar at RT, glycerol to metal ratio = 1,000 mol/mol

% Peak area of unidentified peaks in HPLC measurements

® PDC = percentage of HPLC detectable products. See Eq. 3 for definition

3.2 Catalyst Screening Experiments

The oxidation of glycerol in water (0.3 M) was carried out
in a batch reactor set-up. A variety of bimetallic Au—Pt
catalysts on a number of zeolite support were screened
(USY-600, USY-712, HMOR, H-B). The oxidation reac-
tions were carried out in the absence of a base using
oxygen as the oxidant (3 bar). Initially, a reaction tem-
perature of 140 °C was selected, the glycerol to total metal
intake was set at 1,000 mol/mol and a reaction time of 2 h
was employed. The results are given in Table 1.

The Au-Pt catalysts on the two USY supports were the
most active and glycerol conversion of up to 71 % were
obtained. The catalyst supported on HMOR was the least
active (40 % glycerol conversion), indicative for strong
support effects on the activity of the catalysts. The main
product for all experiments was LACT, though the selec-
tivity was at maximum 24 %. A multitude of byproducts
was formed (HPLC), the main ones being GLYA and
GLYC, see Eq. 4 for details.

improvements in catalytic performance were observed.
When the temperature is increased from 140 °C to
180 °C, the glycerol conversion increased from 70 to
about 80 %, whereas the selectivity to LACT increased
to 60 %. Thus, a LACT yield close to 50 % was
observed, which is to the best of our knowledge the
highest LACT yield reported to date when using glycerol
as the source in base free aqueous solutions. Catalyst
performance for the bimetallic complexes on a USY-600
and 712 support were about similar, indicating that the
Si/Al ratio does not play a major role when considering
catalyst activity and selectivity.

The product composition may be rationalised by
assuming an initial oxidative dehydrogenation of glycerol
to glyceraldehyde (GLA) and/or dihydroxyacetone (DHA).
The first compound was indeed detected in the reaction
mixtures, though in limited amounts (<3 %, Table 1). This
reaction requires an oxidation catalyst in the form of a
supported noble metal or a combination of noble metals.
GLA may be converted according to two parallel reaction

o) o) 0
OH \)J\ /ﬁ)k \)?\ Q HO
OH + + HO + o t + OH
\)oi/ Catalyst, O, HO\)VO + o HO OH OH OH HO™ ~0 )J\OH o
HO. OH — . . . . . .
glyceraldehyde lactic acid glyceric acid glycolic acid formic acid  acetic acid oxalic acid
g(létl:_e;;)' (GLA) (LACT) (GLYA) (GLYC) (FORM)  (ACET)  (OXAL)

(4)

The best selectivity (24 %) was obtained for the
bimetallic Au-Pt on the USY supports. Compared to
USY catalysts, H-mordenite and H-B catalysts gave
lower selectivities of LACT, indicating the significance
of extraframe work aluminium species in the USY
catalysts for the reaction [30]. The two USY based
catalysts were also tested at 180 °C and considerable

pathways, an oxidation reaction to GLYA and a dehydra-
tion/rearrangement to LACT with pyruvaldehyde as the
intermediate, see Scheme 1 for details. The latter reaction
requires a catalyst with both Lewis and Brgnsted acid sites,
without the need of a noble metal oxidation catalyst [30-
34]. For instance, West et al. [30] have shown that the
reaction of GLA or DHA to LACT is well feasible using an
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Internal ﬁrOH 0 OH o Ho 0
] Cannizzaro OH

HO ~0 dehydration [o) e — )ST THL
/\/H\ dehydration )K& o o o) OH 5 NOH
catalyst, O, glyceraldehyde pyruvaldehyde 2 lactic acid pyruvic acid acetic acid oxalic acid ethanol

HO™~"~OH -
OH
glycerol Ho~ ™" OH o o C-C split HO
oxidation piitting OH +
N e HO/\HLOH - . Wéﬁ HO~0
dihydroxyacetone OH

glyceric acid

glycolic acid formic acid

Scheme 1 Proposed reaction pathway for the conversion of glycerol to LACT, GLYA and byproducts [30, 35-37]

acid catalyst like USY, even in the absence of noble metals
(125 °C).

Further proof for the dehydration/rearrangement path-
way was obtained by performing two separate experiments
with GLA as the feed (140 °C, 0.15 M in water, 3 bar
oxygen, 2 h), one using the support only (USY-600), the
other with Au-Pt on USY-600. Qunatitative GLA con-
version was observed in both cases. In case of the support
only, the carbon selectivity to LACT was 63 %, whereas it
was reduced to 38 % for Au—Pt on USY-600. The inter-
mediate pyruvaldehyde was not observed, indicating that
the internal Cannizzaro reaction is fast at these conditions.
Thus, these experiments indicate that GLA is an important

decomposition of the organic acids LACT and GLYA at
reaction conditions. Carboxylic acids are known to
decompose to gaseous products over metal containing or
metal free solid acid catalysts such as rare earth modified
NaY [38, 39], Pt/Nb,Os [40] and silica supported het-
eropolyacids [13] in aqueous conditions. To gain insights
in product stability, a LACT solution in water (0.2 M) in
the presence of the Au-Pt/USY712 catalyst and oxygen
was allowed to react at 140 °C and 180 °C for 2 h.
Product stability was indeed limited and considerable
conversion of LACT was observed (69-93 %) to mainly
pyruvic acid, acetic acid, OXAL and ethanol (Eq. 5;
Table 2).

o o}
0 )S(OH Q HO%OH +
oH — > o * AOH 0 OH (5)
OH pyruvic acid acetic acid oxalic acid ethanol
lactic acid (PYRA) (ACET) (OXAL) (ETOH)
(LACT)

intermediate in the reaction sequence from glycerol to
LACT.

GLYA is known to be prone to subsequent oxidation
and C-C splitting reactions, giving among others TART
and GLYC. The latter was found in significant amounts
(selectivity up to 14 %), an indication that C-C splitting
pathway occurs to a significant extent. The thermal, non
catalytic reaction occurs only to a minor extent, as was
shown by a blank reaction in the absence of a catalyst at
180 °C, giving a glycerol conversion of only 5 % (Table 1,
entry 7).

The percentage of HPLC detectable compounds (PDC,
see Eq. 3) was in the range of 55-92 %. The lower values
imply the formation of significant amounts of non-HPLC
detectable species. These may either be gas phase com-
ponents or oligomeric-polymeric products. The latter may
either be soluble or insoluble, though the reaction mix-
tures after reaction appeared transparent. Diglycerol was
not present in the reaction mixture (HPLC), an indication
that not the reactant glycerol but the products are prone to
subsequent reactions. A possible explanation is the

@ Springer

The mechanism for this reaction likely involves the
oxidation of LACT to pyruvic acid (PYRA) and the sub-
sequent oxidative decarboxylation to acetic acid (ACET)
and carbon dioxide. The latter reaction has been reported in
the presence of a catalyst and an oxidant [41, 42]. Ethanol
was also detected by HPLC measurements (6 %) when the
reaction was performed at 180 °C. Speculatively, it could
be formed by a decarboxylation reaction of LACT to either
ethanol and carbon dioxide or to acetaldehyde, hydrogen
and carbon dioxide followed by the reduction of acetal-
dehyde to ethanol by molecular hydrogen (from e.g. the
decomposition of FORM). The percentage of HPLC
detectable compounds (PDC), was about 81 % at 140 °C,
indicative for the formation of non-HPLC detectable
compounds (e.g. oligomers, polymers and gaseous pro-
ducts). Thus, it may be concluded that LACT is not stable
under the prevailing reaction conditions. Similar observa-
tions were made for GLYA (Table 2), giving a conversion
of 70 % with GLYC as the main product. However, in
contrast to LACT, the PDC values for GLYA are low
(26 %), indicative for the formation of high amounts gas
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Table 2 Stability of LACT and GLYA over Au-Pt/USY-712

Entry T.(°C) Substrate Conv. (%) Selectivity (mol% C) PDC?* (mol% C)
TART PYRA GLYC ACET OXAL FORM ETOH Unknown
140 LACT 69 1 69 - 9 2 - - - 81
180 LACT 93 <1 29 - 25 8 - 6 3 71
140 GLYA 70 6 — 20 <1 <1 - - - 26

Reaction conditions: 0.2 M of LACT or GLYA in water, P(O,) = 3 bar, time = 2 h, LACT to metal mol ratio: 1,000
* PDC = percentage of HPLC detectable products. See Eq. 3 for definition

Table 3 Oxidation of glycerol using bimetallic Au—Pt catalysts in base free conditions at 100 °C

Entry Catalyst Conv. (%) Selectivity (mol% C) PDC? (mol% C)
GLA DHA GLYA TART LACT GLYC OXAL ACET FORM

1 Au-Pt/Hp 68 8 9 68 <1 1 7 1 1.5 3 >99

2 Au-Pt/HMOR 25 34 6 49 - 6 - - 2 99

3 Au-Pt/USY-720 55 4 65 6 4 9 3 - 2 99

4 Au-Pt/USY-600 50 8 5 43 6 11 9.5 <1 35 3 90

5 Au-Pt/USY-712 43 22 2 45 3 9 7 5 0 2 95

Reaction conditions: 0.3 M of glycerol in water, 100 °C, 3 h, P(O,) = 3 bar, glycerol to metal ratio: 1,000 mol/mol
? PDC = percentage of HPLC detectable products. See Eq. 3 for definition

phase and/or higher molecular weight, non-HPLC detect-
able compounds.

To lower the rate of LACT decomposition, it seemed
worthwhile to investigate the conversion of glycerol at
lower temperature (100 °C instead of 140 °C) for the Au—
Pt/USY catalysts. The results are given in Table 3. The
bimetallic catalysts on the USY support were still active at
100 °C, though the glycerol conversion dropped to levels
between 43 % (USY-712) and 50 % (USY-600), compared
to >70 % at 140 °C. Surprisingly, a dramatic selectivity
switch from LACT to GLYA was observed, the latter being
the major component in the reaction mixture with a
selectivity of up to 65 % for USY-720. Thus, the temper-
ature has a major effect on selectivity and these findings
indicate that the rate of the oxidation pathways from GLY
to GLYA is higher than the rate of the dehydration-rear-
rangement of GLY to LACT when performing the reaction
at 100 °C, see Scheme 1 for details.

As such, the temperature is a powerfull tool to steer
selectivity and when aiming for LACT, higher tempera-
tures are preferred, whereas GLYA is preferentially formed
at lower temperatures. This finding also explains the lower
values for the percentage of HPLC detectable compounds
(PDC, Eq. 3) when performing the reaction at 140 °C
(55-64 %) instead of 180 °C (81-92 %, Table 1). Based
on the findings above, GLYA formation is expected to be
significant at 140 °C, though is likely reduced considerably
due to excessive decomposition of GLYA to non-HPLC

detectable compounds (Table 2), and as such leading to
lower PDC values.

For comparison, the reaction was also performed at
100 °C using the bimetallic catalysts on the H-MOR and
three USY supports. Again, the main product was GLYA
instead of LACT (Table 3). Best performance at 100 °C
was obtained using the bimetallic Zeolite § support, given
68 % selectivity to GLYA at 68 % glycerol conversion
after 3 h. Main byproducts are GLA, DHA and GLYC, see
Table 3 for details. Performance of the bimetallic H-MOR
catalyst was worse than for the USY supports (25 % con-
version and 49 % selectivity to GLYA). These results are
different from those reported by Villa et al. [28], who
reported a 80 % GLYA selectivity at 70 % glycerol con-
version with a Au-Pt catalyst on a mordenite support.
However, the type of mordenite (for instance the Si/Al
ratio) is not given in the paper, making comparison diffi-
cult. In addition, experimental conditions for both studies
are not equal (e.g. glycerol to metal ratio).

For comparison, monometallic Au and Pt catalysts on
the zeolitic supports were also tested for the oxidation of
glycerol at 100 °C in base free conditions (Table 4). The
monometallic catalysts were by far less active than the
bimetallic ones and glycerol conversions were below 20 %.
In addition, the Pt catalysts were more active than the Au
ones, and the highest activity was observed for Pt/USY-
600. In this case, GLYA and LACT acid were observed,
indicating that both the oxidative pathways as well as the
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Table 4 Base free oxidation of glycerol over monometallic (Au or Pt) over various zeolite catalysts

Entry Catalyst Conv. (%)  Selectivity (mol% C)
GLA DHA GLYA TART LACT GLYC OXAL ACET FORM PDC? (mol% C)
1 AuHB 6 25 3 68 - - - - - - 96
2  PYHP 18 7 5 45 2 3 8.5 6.5 2 5 84
3 Au/HMOR 0 - - - - - - - — - -
4  PYHMOR 9 9 9 37 0 2 8 6 2 4 77
5  Auw/USY-720 2.5 60 20 15 0 - 35 0 <1 <1 98.5
6  PYUSY-720 15 60 1 28 0 2 0 0 0 91
7  Au/USY-600 0 - - - - - - - - - -
8  Pt/USY-600 20 7 5 25 1 30 4 4 2 3 81

Reaction conditions: 0.3 M glycerol in water, glycerol to metal ratio = 1,000 mol/mol, time = 3 h, P(O,) = 3 bar, T = 100 °C
* PDC = percentage of HPLC detectable products. See Eq. 3 for definition

dehydration/rearrangement pathway occur at these condi-
tions. Thus, it can be concluded that bimetallic catalysts
show superior performance.

4 Conclusions

We have shown that glycerol can be converted to either
GLYA or LACT in a one pot procedure using base free
conditions over various zeolite supported bimetallic Au—Pt
catalysts. At 100 °C, the main product was GLYA for all
catalysts. Best glycerol conversion and GLYA selectivity
was shown by a Au-Pt/H-B catalyst (68 % selectivity at
60 % conversion). Monometallic Au and Pt based catalysts
were far less active than the bimetallic ones. At elevated
temperature (140-180 °C), the selectivity switched to
LACT and highest LACT selectivity was obtained over
Au-Pt/USY-600 at 180 °C (60 % selectivity at 80 %
conversion). At these conditions, LACT stability is limited
leading to a reduction in product yields. To reduce LACT
decomposition rates, it is likely preferable to perform the
reactions in an alcohol instead of water. In this case, lactic
esters are formed which are expected to have reduced
decomposition rates. These studies are in progress and will
be reported in due course.
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