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Quasi-Homogeneous Oxidation of Glycerol by
Unsupported Gold Nanoparticles in the Liquid Phase

Elzbieta Skrzynska,*®® 9 Jamal Ftouni,™ 9 Jean-Sébastien Girardon,®™ 9 Mickaél Capron,
Louise Jalowiecki-Duhamel,”™ < Jean-Francois Paul,”™ 9 and Franck Dumeignil*!

A quasi-homogeneous solution of gold nanoparticles prepared
by the Turkevich method was used as an unconventional cata-
lyst in the oxidation of glycerol (GLY) in the liquid phase. The
highest obtained conversion was 100% after 3 h of reaction at
100°C under an oxygen atmosphere (5 bar). The main prod-
ucts were glyceric, glycolic, formic, tartronic, and oxalic acid
with selectivities of 28, 36, 25, 9, and 2%, respectively. Traces
of hydroxypyruvic and acetic acid were also detected (com-
bined selectivities below 1%). To elucidate the reaction mecha-
nism and specify the role of gold nanoparticles in the oxida-
tion process, a series of experiments under various reaction

Introduction

In the last decade, a lot of investigations have been focused
on catalytic transformation of glycerol (GLY) to more valuable
chemicals used directly as additives or as raw materials in
a large number of industrial applications, including food/feed,
self-care products and pharmaceuticals, manufacture of alkyd
resins, polyurethanes and fuel additives, tobacco products,
production of varnishes, adhesives, explosives, etc.'®

Biochemical pathways, pyrolysis, reforming, reduction,
esterification, etherification, cyclization, halogenation, and con-
densation reactions have been used for the transformation of
GLY. However, the catalytic oxidation of GLY in the liquid phase
has attracted great interest lately.">¢'? The majority of work
in the field of GLY partial oxidation is based on the use of plati-
nume-, palladium-, and, more recently, gold-supported catalysts.
The issues of activating GLY under moderate reaction condi-
tions imposed by the use of the liquid phase were raised, and
the influence of parameters such as GLY concentration, pH, re-
action temperature, and oxygen pressure was analyzed. Impor-
tantly, the studies focused on the investigation of the effect of
the physicochemical properties of metal-based supported cata-
lysts (mainly Pd, Pt, or Au typically deposited on carbon, silica,
or alumina supports) on catalytic performance. A recent
review!" points out that gold-based catalytic systems seem to
be the most promising among all catalytic systems proposed
so far in the literature due to their higher stability.

In the case of gold-catalyzed GLY oxidation, it has been
claimed that the addition of a base in the reaction medium is
necessary for the initial step of GLY activation, which leads to
the abstraction of an H™ from an OH moiety." The main reac-
tion conditions used by various studies are similar: in most
cases, the GLY/base molar ratio is equal to 1 or 4, whereas GLY

ChemSusChem 0000, 00, 1-15

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[b, ]
b, ¢, d]

conditions were carried out. The effect of reaction tempera-
ture, oxygen pressure, gold concentration, and GLY/base molar
ratio was investigated. All catalytic results were systematically
compared to the corresponding noncatalytic base-induced
transformations (blank tests). Such an approach allowed us to
separate and clarify the respective driving parameters for the
transformation of GLY (presence of a base and activity of the
gold catalyst). The reaction mechanism comprised a series of
oxidation and C—C cleavage reactions, whereas additional oxi-
dation-reduction reactions (of the Cannizzaro type) could also
occur in the presence of the base.

concentration rarely exceeds 20 wt %. Furthermore, most stud-
ies use a GLY/Au molar ratio of up to 3500, irrespective of the
dispersion of the active phase, which is directly connected
with the method of preparation and the size of Au particles.
Moreover, most processes operate at moderate temperatures
of around 60 °C and under an oxygen atmosphere at a pressure
of up to 10 bar. Despite the large number of studies on gold
reactivity in GLY conversion, many aspects of the reaction
need additional investigation. For example, there are only
a few examples of studies dealing with quasi-homogeneous
oxidations, in which unsupported “bare” or stabilized gold par-
ticles are used as catalysts,""™ especially in the oxidation of
GLY.">"® Another aspect, also largely omitted in the literature,
is the noncatalytic transformation of GLY in the liquid phase
under basic conditions. Indeed, the so-called “blank tests”
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(tests that are carried out without catalyst) are insufficiently de-
scribed. In the case of GLY oxidation in the liquid phase, the
presence of a base (e.g., NaOH) has a critical influence because
it is commonly admitted that in its absence GLY cannot be ac-
tivated over gold catalysts and no conversion can be expected.
However, we additionally found that under specific conditions
the presence of a base can promote some GLY transformations
through pathways that are different from those described
when using catalysts. Thus, our goal is to decouple the reactiv-
ity specifically due to the catalytic system (gold nanoparticles
in the presence of a base) from that induced by the presence
of a base alone.

Results and Discussion
Characterization of gold nanoparticles

UV spectroscopy characterization was primarily used to con-
firm the formation of gold nanoparticles (Au®) and to estimate
total consumption of the gold precursor (HAuCl,). In UV/Vis
spectra (Figure 1), the absence of a band at 300 nm, which is
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Figure 1. Typical UV/Vis spectra of the gold catalyst precursor (HAuCl,) and
gold nanoparticles obtained by the Turkevich method.

characteristic of the gold precursor (Au**), and the presence of
a strong and well-defined surface-plasmon band at 525 nm in
the final solution confirmed the metallic state of gold."”

The reaction presented in Figure 1 can be expressed by the
simplified Equation (1). However, the exact process is com-
posed of a series of consecutive reactions.'

3 (H,CCO0),C(OH)COO™ + 2 AuCl,” —

3 (H,CCO0™),C=0+2Au+8ClI" +3H" +3CO, )

In the literature it has been established that the shape of
the absorption band and the maximum wavelength of absorb-
ance depended strongly on the size of nanoparticles.'”*” The
spectrum presented in Figure 1 thus suggests the presence of
gold nanoparticles with a diameter of about 15 nm. This was
confirmed by means of TEM imaging (Figure 2a) and by statis-
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Figure 2. a) Representative TEM micrograph and SAED pattern and b) histo-
gram of metal particle size distribution for the solution of gold nanoparti-
cles.

tical analyses of particle-size distribution of more than 250 par-
ticles, which indicated an average particle size of (16.2+
2.2) nm (Figure 2b), which is in good agreement with the liter-
ature.”V To confirm the crystal structure of gold crystals as
face-centered cubic, selected area electron diffraction (SAED)
studies were undertaken (Figure 23, inset).

Catalytic tests in a stainless steel reactor

First, the occurrence of parasitic side reactions that could be
catalyzed by the stainless steel reactor itself was checked. We
compared GLY oxidation performance in a glass reactor and in
the routinely used stainless steel reactor under the same con-
ditions (temperature, oxygen pressure, and reagent composi-
tion). At GLY isoconversion, the main product yields are com-
parable in both processes (Figure 3a and 3b, respectively). For
example, in the stainless steel reactor, a GLY conversion of
10% was obtained after 100 min, and the yield in glyceric, gly-
colic, and formic acid was 1.7, 2.3, and 6.0%, respectively. Be-
cause of the differences in glass-reactor construction (absence
of baffles and bigger reaction volume), the time necessary to
obtain the same conversion was twice as long. Nevertheless,
the yields recalculated by simple approximation were strictly
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Figure 3. Comparison of GLY oxidation results [glycerol conversion (e) and
yields of oxalic (%), tartronic (o), glyceric (), glycolic (®), and formic acid
(a)] for base-induced GLY transformation in a a) glass and a b) stainless steel
reactor (blank tests). Reaction conditions: a) aq. GLY (300 mL, 0.3 m), NaOH/
GLY =4 (molar ratio), oxygen pressure: 2.8 bar, propeller speed: 1500 rpm,
temperature inside the glass reactor and temperature of the oil bath: 60°C,
absence of baffles; b) ag. GLY (250 mL, 0.3 m GLY), NaOH/GLY =4 (molar
ratio), oxygen pressure: 2.8 bar, propeller speed: 1500 rpm, temperature
inside the stainless steel reactor: 60 °C, 4 baffles.

identical (1.7, 2.3, and 6.0% for glyceric, glycolic, and formic
acid, respectively). The analogy between the processes was
thus clear. Hence, we selected the stainless steel reactor for
further catalytic tests because it provided better oxygen dis-
persion in the whole reaction volume and it allowed us to pre-
cisely adjust temperature and work under higher oxygen pres-
sure.

Then, to separately be able to assess, on the one hand, the
role of gold nanoparticles and, on the other hand, the role of
the base (blank test), the amount of NaOH introduced to the
reaction mixture, the amount of GLY/gold molar ratio, the
oxygen pressure, and the reaction temperature were systemat-
ically varied in specific series of GLY partial oxidation experi-
ments. Herein, we present the catalytic test results, sequential-
ly focusing on the influence of each of the aforementioned pa-
rameters with a systematic comparison between the results
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obtained for the gold-catalyzed reaction and base-induced
transformations.

Effect of NaOH/GLY molar ratio

The importance of the amount of base in catalytic and nonca-
talytic GLY transformations could be reliably evaluated by tests
with different NaOH/GLY molar ratios (Figure 4).
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Figure 4. GLY conversion: Comparison between a) blank tests and b) GLY ox-
idation reactions in the presence of gold nanoparticles at NaOH/GLY molar
ratios of 4 (x), 3 (e), 2 (), 1 (A), and O (m). Reaction conditions: ag. GLY
(200 mL, 0.3 M), NaOH/GLY =0-4 (molar ratio), GLY/Au=3500 (catalytic tests,
molar ratio), oxygen pressure: 5 bar, temperature: 60 °C.

An increase in the concentration of NaOH strongly influ-
enced GLY conversion. The results at NaOH/GLY ratios of 2 and
3 remained almost identical. An analogous effect was also ob-
served by Suramanee et al."™ for citrate-stabilized gold nano-
particles (reaction times of up to 3 h at 80°C).

As expected, the most important feature of this experiment
was that gold particles were not able to oxidize GLY without
a base because conversion did not exceed 0.4% after 3 h (Fig-
ure 4b, NaOH/GLY =0). Also, during noncatalytic tests without
NaOH, we did not detect any conversion of GLY (Figure 4a,
NaOH/GLY =0). Similar results for supported gold catalysts can
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be found in studies by Demirel-Giilen et al.”? and Porta and
Prati.’”® Those authors did not mention results for a NaOH/GLY
ratio of 3.

Comparing the yields of the main products in blank and cat-
alyst-assisted tests at a GLY conversion of 10% (Figure 5, de-

Blank tests
545 300 269

Catalytic tests

114 min 152 99 85 36 min

Y/ C-mol.%
=)

1 2 3 4 1 2 3 4
NaOH/GLY molar ratio

Figure 5. Comparison of main product yields [glyceric (m), glycolic (o), and
formic acid (m); tartronic, hydroxypyruvic, and oxalic acid have been sum-
marized (m)] at a GLY conversion equal to 10% for tests with variable base
concentrations. Reaction conditions are the same as those reported in
Figure 3.

rived from results in Figure 4) confirms that GLY conversion
proceeds much faster in the presence of gold nanoparticles.
Moreover, blank tests with different NaOH/GLY ratios give
almost equivalent amounts of the main products (selectivity of
about 30% towards glyceric, glycolic, and formic acid), where-
as in the presence of catalyst, the main product is glyceric acid
(>409%). An increase in the amount of base only slightly influ-
ences product distribution, again in favor of glyceric acid. In
addition to glyceric, glycolic, and formic acid, small amounts of
tartronic, hydroxypyruvic, and oxalic acid are also detected
(Figure 5). Similar changes in main product distribution were
previously observed by Porta and Prati®®! and Carrettin et al.*!
for carbon-supported gold catalysts.

Effect of GLY/gold molar ratio

By comparing data from catalytic and noncatalytic tests
(Figure 4 and 5), we can see that both conversion and glyceric
acid productivity are lower in the absence of the gold catalyst.
However, further changes in gold concentration (decrease or
increase) do not significantly influence product selectivities,
but clearly affect the overall reaction rate (i.e., GLY conversion
increased with an increase in gold concentration; Figure 6).

An analogous relationship between the GLY/gold molar ratio
and GLY conversion using an Au/C solid catalyst was previously
reported by Gallezot,”” who found that the reaction rate de-
pended on catalyst concentration for GLY/gold ratios above
2500.

In Figure 6, we can see that GLY conversion after 1, 2, or 3 h
increased with the increase in gold concentration. Conversely,
for the same GLY conversion, the yield of glyceric, glycolic, and
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Figure 6. Changes in GLY conversion as a function of the GLY/gold molar
ratio and reaction time [60 (e), 120 (o), and 180 min (A)]. Reaction condi-
tions: ag. GLY (200 mL, 0.3 m), 60°C, oxygen pressure: 5 bar, NaOH/GLY =4
(molar ratio).

formic acid for each catalytic test only changed within
a narrow range (Figure 7), with average values of 4.7-5.8, 1.6-
2.5, and 2.2-3%, respectively. A lower productivity of glyceric
acid was observed for the blank test (absence of gold), in
which the yield values for each acid were comparable (3-
3.8%).

114 min 104 min 70min 46 min

Y/ C-mol. %

0 0.031 0.059 0.146

—_—
Cay/ mmol L'

Figure 7. Comparison of main product yields [glyceric (m), glycolic (o), and
formic acid (=)] at a GLY conversion equal to 10% for tests with different
concentrations of gold nanoparticles. The reaction conditions are the same
as those in Figure 5.

Because the time necessary to obtain a GLY conversion of
10% decreased with an increase in the concentration of gold
nanoparticles, for further catalytic tests the amount of gold
was adjusted to 0.065 mmolL™', which corresponded to a GLY/
gold molar ratio of 3500. This value was a good compromise
between the amount of catalyst used and the observed reac-
tion rate.
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Effect of oxygen pressure

The next important parameter was oxygen pressure. Experi-
ments were designed to avoid limitations concerning the
global availability of oxygen. The amount of oxygen necessary
to completely oxidize GLY to carbon dioxide and water
(200 mL, 0.3 M) at 60°C would be less than 12 mL at a pressure
of 50 bar, which meant that using our test rig equipped with
a 300 mL oxygen reserve initially pressurized at 50 bar, we
would consume much less than 6 vol % of oxygen. Thus, under
our conditions, the observation of a dependency of conversion
on the partial pressure of oxygen would stem from limitations
placed by oxygen dissolution rates (i.e., in a diffusional
regime). To confirm that we worked in a chemical regime,
a series of experiments under an oxygen pressure of 2.8, 5,
and 10 bar were carried out.

Figure 8 shows that the differences between GLY transfor-
mations at various oxygen pressures are negligible in both
kinds of tests (gold-catalyzed and base-induced). For example,
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Figure 8. Comparison of GLY conversion a) in the absence (blank tests) and
b) in the presence of the gold catalyst under variable O, pressure [2.8 (®), 5
(o), and 10 bar (A)]. Reaction conditions: aq. GLY (0.3 m), 60°C, NaOH/

GLY =4 (molar ratio), GLY/Au molar ratio equal to co for blank tests or 3500
for catalytic tests.
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after 60 and 100 min of a reaction with Au nanoparticles under
an oxygen atmosphere at a pressure of 2.8, 5 and 10 bar, GLY
conversions were in the range of 19-22% after 60 min and
33-37% after 100 min, respectively (Figure 8b), which corre-
sponded to an absolute difference lower than 4% in any case.
For the base-induced transformation, the differences were
even smaller, as GLY conversion was in the range of 4.8-5%
after 60 min and 9-10% after 100 min (Figure 8a).

Effect of reaction temperature

Another important parameter was reaction temperature. Thus,
a series of catalytic and noncatalytic tests with analogous con-
centrations of GLY and base were performed. All tests per-
formed in the absence of the gold catalyst prove that at
higher temperatures and in the presence of oxygen and base,
GLY is mainly oxidized to glycolic and formic acid, whereas
glyceric acid production is less favored (Figure 9). Above 80°C,
small amounts of tartronic and oxalic acid were also detected
with maximum yields of 1 and 0.2%, respectively, after 3 h at
80°C (Figure 9f) and twice larger at 100°C (Figure 9 h). A sig-
nificantly different product distribution was observed in tests
in the presence of gold, in which glyceric acid was the main
product (>50%) up to 80°C. Moreover, at lower temperatures
(40-60°C) the yield of formic acid was higher than that of gly-
colic acid, whereas at higher temperatures the opposite trend
was observed. Nevertheless, in blank tests, the selectivity se-
quence remained unchanged with temperature. Thus, for cata-
lytic tests at 100°C, increased decomposition of GLY to lower
molecules, (glycolic and formic acid) influenced product distri-
bution.

Notably, GLY decomposition is characteristic of blank tests.
All these observations can put forward the assumption that
during the liquid-phase oxidation reaction, GLY transformation
can follow two different reaction pathways. However, because
through both pathways (the gold-catalyzed oxidation and the
conversion process induced by the presence of a base) the
main products remain the same, it seems that these two pro-
cesses (consisting of sequences of simultaneous reactions)
occur in parallel. The main difference in catalytic and noncata-
lytic tests exclusively stems from the proportion (balance) be-
tween the relative contribution of both pathways (i.e., some
reactions are favored in the presence of the gold catalyst and
others in its absence). To confirm such an assumption, the ap-
parent activation energies (E,) for both reaction modes were
calculated from the initial rate values of GLY conversion at dif-
ferent temperatures. As we can see in Figure 10, the E, calcu-
lated from the Arrhenius plot for gold-catalyzed reactions is
much smaller than that of the base-induced transformation,
with respective values of 61.4 and 93.5 kJmol™".

Additionally, the good linearity of Arrhenius plots and the
range of calculated apparent activation energies are in excel-
lent agreement with the assumption of a chemical regime.

These results also give an idea about the stability of the cat-
alyst at elevated temperatures (>80°C). Indeed, if gold nano-
particles were insufficiently protected, we would obtain consid-
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Figure 9. Comparison of GLY conversions (@) and yields of the main products [oxalic (), tartronic (o), glyceric (), glycolic (®), formic (a), and acetic acid ()]
obtained for blank tests (left) with the results of GLY oxidation in the presence of gold nanoparticles (right) at 40 (a,b), 60 (c,d), 80 (e,f), and 100°C (g, h). Re-
action conditions: aq. GLY (200 mL, 0.3 M), NaOH/GLY =4 (molar ratio), GLY/Au molar ratio equal to co (blank tests) or 3500 (catalytic tests), oxygen pressure:

5 bar.
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Figure 10. Arrhenius plots for gold-catalyzed and base-induced GLY transfor-
mations (calculations performed on the basis of initial reaction rates, deter-
mined from data in Figure 9).

erably less different results in the presence and absence of
gold nanoparticles.

Systematic critical analysis of possible reaction pathways

By systematically analyzing the literature and the reaction
schemes proposed for the liquid phase oxidation of GLY we
can appreciate the complexity of the process, especially when
a gold catalyst and a base are used at the same time."%222629
Separation of the metal-catalyzed reactions from the noncata-
lytic transformation of GLY in the liquid phase under basic con-
ditions is even more difficult because there is a lack of informa-
tion in the literature. Subsequently, we mainly concentrated on
the noncatalytic conversion of GLY and its derivatives under
basic conditions. The cited literature was supported by appro-
priate theoretical calculation data and experimental results,
which led to the proposal of a final global reaction scheme.

GLY activation and initial transformation in the presence of
base only

The amount of GLY converted at temperatures above 80°C
after 3 h of reaction in the absence of a catalyst was really sur-
prising, especially because it is hard to find similar experiments
(without gold or other metallic catalyst and in the presence of
a base alone) in the literature. The only information we found
is in the work of Kwon etal.,* in which the authors under-
lined that alcohols with low pK, values, such as GLY, have
a high oxidation activity at pH>11 in the presence of molecu-
lar oxygen. Under such reaction conditions, the alcohol is de-
protonated to the corresponding alkoxide [Eq.(2)], which is
thought to be more reactive in oxidation reactions than alco-
hol and acts as an aldehyde precursor [Eq. (3)].

HgR—OH, = HR—O~ +H,* ()

HgR—O~ — R=0 4 Hy* +2e" (3)
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The first step is base-induced with no essential role for the
metal catalyst.*®=>? Nevertheless, it is generally accepted that
Equation (3) possibly involves a catalytic interaction with sur-
face-bound hydroxide, which facilitates the resulting glyceral-
dehyde (GLAD) to be transformed to glyceric acid. Such a “sur-
face-catalyzed” process is expressed by Equations (4) and
(5).[10,33]

RCH,OH,y, — RCHO,y, + 2 H,y + 2" (4)
RCHO, 4, + H,0 — RCOOH, 4, + 2 H,y +2€~ (5)

However, Zope et al.?? stated that both solution-mediated
and metal-catalyzed steps must be involved in alcohol oxida-
tion to acid at a high pH, which is usually seen as the most
reasonable option. Additionally, Kwon et al.>” proved that OH~
in solution can be more important for the overall reactivity
than OH bound to the gold catalyst.

The possibility of GLY activation and transformation in the
presence of a base alone was also confirmed by our blank
tests in both the glass (Figure 3a) and the stainless steel reac-
tor (Figures 3b and 4-9), in which GLY was oxidized in the ab-
sence of a gold catalyst. However, it is known from the litera-
ture that even traces of transition metals can induce GLY oxida-
tion (especially in basic environments).®¥ To exclude such
a possibility and thus be absolutely sure that these unexpected
results are not artifacts, we carefully carried out an additional
test, in which the strictest precautions were taken using ultra-
pure reagents and exclusively nonmetallic equipment includ-
ing a nonmetallic reactor.

Results of additional tests with ultrapure reagents in a spe-
cific nonmetallic reaction device

In contrast to previous tests carried out in the glass reactor, in
which both the air supplier and stirrer were made from stain-
less steel to provide high pressure and perfect mixing (at
1500 rpm), respectively, in this additional experiment we used
a three-neck flask immersed in bath oil (80°C), a new previous-
ly unused Teflon magnetic stirring bar for mixing (400 rpm),
and a thin glass tube for introducing oxygen at a flow rate of
50 mLmin~" directly to the agitated reaction mixture
(Figure 11). HPLC-grade water instead of distilled water and
a NaOH solution of high purity (typically used in the domain of
molecular biology) instead of reagent-grade NaOH were used.
The reaction volume, component concentrations, and base/
GLY ratio were kept the same as in conventional tests in the
stainless-steal reactor.

GLY was oxidized even in such “sterile” conditions
(Figure 12). Conversion was much lower relative to our previ-
ous tests, which can be explained by the lower oxygen con-
centration in the reaction mixture. However, even when using
typical reagents with the same equipment, temperature, and
reagent ratios, identical results (with regard to GLY conversion)
were obtained (Figure 12, dotted line). This result confirmed
the reliability of our previous blank tests in the more sophisti-
cated reaction device.
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Figure 11. Apparatus used for reference test of GLY oxidation in the liquid
phase with ultrapure reagents and nonmetallic equipment.
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Figure 12. Comparison of GLY conversions (@) and yields of the main prod-
ucts [oxalic (), tartronic (o), glyceric (), glycolic (@), and formic acid (a)]
obtained for blank test carried out in the full glass reaction device with com-
mercially available reagents of high purity. Reaction conditions: ag. GLY

(200 mL, 0.3 m), NaOH/GLY =4 (molar ratio), oxygen flow rate: 50 mLmin~",
400 rpm, 80°C, atmospheric pressure. Dotted line refers to GLY conversion
under the same conditions but using standard reagents.

To further support our experimental results, theoretical cal-
culations were performed, which confirmed the possibility of
GLY transformation in the absence of a metal catalyst.

Results of theoretical calculations: Elimination pathway

From a theoretical point of view, various reaction mechanisms
can be proposed for GLY activation in the absence of metallic
nanoparticles. Due to the low pK, of GLY, the equilibrium in
Equation (2) is slightly shifted in favor of the alkoxide. Howev-
er, when considering the subsequent GLY oxidation, the addi-
tion of a nucleophilic oxygen species on a negatively charged
molecule may not be favored. Alternatively, strong basic media
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can favor elimination reactions. On an activated GLY molecule
(according to the transition state represented in Figure 13)
elimination of an OH moiety gives an enol, which is trans-
formed into a ketone or an aldehyde by tautomerization. The
unsaturated molecule can be oxidized by oxygen to give glyc-
eric acid.

Figure 13. Transition state for the elimination reaction catalyzed by an OH™
group. Grey: carbon; red: oxygen; white: hydrogen.

To confirm that this reaction is possible under the actual ex-
perimental conditions, we performed DFT calculations (B3LYP)
taking into account the solvent (water) in the polarized contin-
uum model (PCM) approximation. Two different C—H bonds
may be broken (terminal or central) leading to 2-hydroxypro-
panal or 1-hydroxypropan-2-one (acetol), respectively
(Scheme 1).

Both reactions are exothermic due to the formation of an
enolate in a basic solution, but the abstraction of the central
proton is favored. The computed activation energy is
77 kJmol™". This value is slightly lower than the experimental
one (93.5 kJmol™'; Figure 10), but this clearly indicates that the
elimination mechanism must be taken into account in the ab-
sence of nanoparticles.

a) °

H‘/ H H

Y AN
H— c CH-CH, —~ C=CH-CH, =——= G—CH,~CH,
|/ /

<| -H,0O O IH O/ I
OH™OH OH 2 N o OH
H
glycerol enol 2-hydroxypropanal
b _
) S OH
H
<l
Hz? ?_THZ ﬁ» C=C— c|: — H30—|C|)—CH2
COH OH OH - \ O OH
H
glycerol enol 1-hydroxypropan-2-one

Scheme 1. Initial transformation of GLY, which is attacked by the base and,
subsequently, the breaking of the a) terminal or b) central C—H bond occurs.
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GLY oxidation through the noncatalytic radical pathway

Another pathway of GLY oxidation in the absence of metallic
catalyst is related to the radical mechanism. This concept is
based on the fact that the electrons released in Equation (3)
can be accepted by molecular oxygen giving anion radicals
[Eq. (6)]. Then, these can react with protons yielding hydrogen
peroxide radicals [Eq. (7)].5

0,+e =0, (6)

0, +H* = "OOH (7)

Subsequent steps can be expressed by free radical chain re-
actions, well-known from classical organic chemistry [Eqs. (8)-
ani.

"OOH + RH — H,0, + R° (8)
H,0, — 2°OH (9)
R+ 0, — ROO’ (10)
ROO" + RH — ROOH + R (11)

Commonly, free radical reactions proceed at elevated tem-
peratures in the gas phase. However, according to Denisov
and Afanas’ev,®™ alcohols can undergo self-oxidation, in which
free radicals are formed by bimolecular and trimolecular reac-
tions involving the alcohol and dioxygen [Eq. (12) and (13), re-
spectively].

HROH + O, — HOR' + "0O0H (12)

(13)

The same arguments are also made by Bamford and
Tipper,®® who claim that such reactions can occur in the liquid
phase under moderate temperatures (up to 100°C) even in the
absence of initiators.

It is worth adding that the formation of hydrogen peroxide
and the dissociation of peroxide and hydrogen peroxide inter-
mediates are also regarded as possible ways of oxygen activa-
tion in catalytic liquid-phase oxidation reactions.**** Further
steps of oxidation on the catalyst surface are well-established
in the literature.”>3233 However, such steps can also proceed
through a noncatalytic radical pathway. For example, we can
refer to the results reported previously by Andronov et al.,?’®
who studied the possibility of GLAD oxidation in an aqueous
solution in the presence of only oxygen and a base. That reac-
tion proceeded through a chain mechanism leading to CO,,
glyceric, glycolic, acetic, and formic acid as final oxidation
products, with glycolic aldehyde and methylglyoxal as inter-
mediates. The proposed reaction scheme included the forma-
tion of RO, that is, the (2,3-dihydroxypropyl)dioxidanyl radical,
which subsequently reacted with another molecule giving an-
other radical and hydroperoxide, which easily converted to
glyceric acid (Scheme 2).

2HROH + 0, — HOR" + H,0, + R
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radical

Scheme 2. Possible mechanism of radical chain reactions from GLAD to glyc-
eric acid (adapted from Ref. [37&38]). GLAD was not detected in our condi-
tions.

However, peroxide radicals can undergo further isomeriza-
tion reactions followed by cleavage of the C—C bond [Eq. (14)].
RO,” — R'CHO + R"O’ (14)

During such reactions, carbon dioxide should appear in
measurable amounts. The most important assumption was
that this type of reaction could proceed both in a heterogene-
ous and a homogenous fashion, (on the catalyst surface or in
solution).?”

Notably, the main products in our catalytic tests were always
glyceric, glycolic, and formic acid, whereas CO,, GLAD, and di-
hydroxyacetone (DHA) did not appear in significant amounts
(no pressure increase during the process, carbon balances in
the range of 95-100%, no HPLC signal, and also negative
result of the Trommer probe for aldehydes). Nevertheless, be-
cause GLAD is the first and main intermediate that is men-
tioned in the literature for the GLY liquid-phase partial oxida-
tion reaction,” we should take into account the possibility of
its existence as an intermediate, rapidly consumed in subse-
quent reactions.

Kinetic experiments performed by Andronov et al.®” for
GLAD proved that alkaline hydrolysis was induced by the pres-
ence of high amounts of base, because above pH 8 the rate of
accumulation of acids increased sharply. It was concluded that
the rate of such reactions was superimposed upon the rate of
oxidation with a radical character. That means that for high
NaOH concentrations, the yield in glycolic and formic acid
should be larger than the yield in glyceric acid. Especially gly-
colic acid should dominate in the reaction mixture because it
can also be formed through radical splitting with carbon diox-

| [37
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ide formation. Similar reactions should also be observed
during GLY oxidation in highly basic solutions. Temperature
variation showed that such a situation occurs only in noncata-
lytic processes (Figure 9). In the presence of gold nanoparti-
cles, glyceric acid was the most important product and only at
high temperatures (above 80°C) its yield slightly decreased to
the benefit of tartronic acid (Figure 9h). Similarly, Porta and
Prati®®® proved that increasing the temperature promoted the
oxidation of glyceric acid to tartronic acid. Moreover, in the
presence of carbon-supported gold catalysts glyceric acid was
the main product and high amounts of base could even fur-
ther promote its formation. The same relationship between
temperature, amount of base, and generation of glyceric and
tartronic acid was also observed by Sakurai et al."” for gold
nanoclusters stabilized by poly(1-vinylpyrrolidin-2-one) (PVP).
After 24 h of oxidation in open air at 80°C in aqueous NaOH,
a GLY conversion of 94% was obtained with a selectivity to-
wards tartronic, glyceric, and glycolic acid of 32, 24, and 11 %,
respectively. Surprisingly, these authors did not observe any
formation of formic acid. Nevertheless, we have to point out
that they used a large excess of gold (GLY/Au molar ratio was
calculated to be 200), which normally should favor deep oxida-
tion reactions to carbon dioxide, and also to tartronic and
oxalic acid. The same effect should be also caused by using
gold nanoparticles of a small diameter,"'®* that is, Au-PVP
with an average size of (1.3+£0.3) nm. On the other hand, not
only the selectivity but mostly the overall activity strongly de-
pended on the size of gold particles."'® Moreover, the type of
protecting agent used for gold nanoparticle synthesis can also
influence the final results (in our case, protection was supplied
by sodium citrate, which is able to surround gold particles pre-
venting their agglomeration).

Possible formation mechanisms of C, and C, derivatives

From experimental results (Figures 3-9) we concluded that the
formation of small molecules (glycolic and formic acid) gains in
significance especially at high temperatures and in the absence
of a gold catalyst. In such conditions, the reaction pathway
through the alkaline C—C bond cleavage seems to be the most
probable one (Scheme 3). In this mechanism, glycolic and
formic acid can be directly formed from GLAD or glyceric acid.
It is an example of a retro-aldol reaction.”” Usually, this reac-
tion is less favorable than classical condensation, in which an
additional irreversible step of f-hydroxyaldehyde dehydration
appears.041

An analogous reaction can be also assumed for hydroxypyr-
uvic acid, which is another GLY derivative, (Scheme 4). In this
case, glyoxylic acid and formaldehyde are the main products,
which can undergo subsequent transformation to glycolic and
formic acid through a Cannizzaro cross-reaction (Scheme 5). All
these reactions proceed in the presence of a base without CO,
formation.

The occurrence of the C—C bond cleavage in aqueous basic
solutions was previously mentioned by Dimitratos et al.*? and
Porta and Prati® for GLY oxidations over gold-palladium
nanocrystals and carbon-supported gold catalysts, respectively,
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Scheme 3. Possible mechanism of the retro-aldol reaction for GLAD and
glyceric acid in the presence of a base.
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hydroxypyruvic acid |.||
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Scheme 4. Possible mechanism of C—C bond cleavage in hydroxypyruvic
acid.

HO—C=—0 HO—C—0 HO—C—0
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glyoxylic acid H hydride ion
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Ne—o Nl a
Vi H/Al H—Cl:—O
H \
\ OH
formaldehyde ~OH
Hcooo ~ O—C—OH HCOOH HO—C=—O0
| - formic acid R
formate H CI;_OH o—=¢C H
H .L
glycolic acid alcoxide ion

Scheme 5. Mechanism of the Cannizzaro cross-reaction for glyoxylic acid
and formaldehyde.

and also by Andronov et al.®” for GLAD oxidations. Additional-
ly, for hydroxypyruvic acid it is possible to envisage another
mechanism for C—C bond breaking, analogous to the well-
known transformations of sugars in basic media.**!

In the hydrolytic a- and p-dicarbonyl cleavage of hydroxy-
pyruvic acid and its isomer 2-hydroxy-3-oxo-propanoic acid, re-
spectively, formic and glycolic acid are generated in equal
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amounts (Scheme 6). Generally, it can be assumed that low
molecular weight hydroxyacids arise from corresponding hy-
droxycarbonyls and a-dicarbonyls by direct oxidation and in-
termolecular Cannizzaro reactions, respectively.

HO—C—=0 OH HO—C—=0
| o o
o— HO——-CH
Ul e i
H—(|3—OH H—C—O0
H OH’
hydroxypyruvic acid 2-hydroxy-3-oxo-propanoic acid
HO—CCIO HO—C=—0
A o
O—C—-O0H HO—{—CH
H—c? on H_Cﬁ_fo\'
H OH
+H,0, - OH’ +Hy0, - OH’
\l
HO—C—O0 HO—C—0
H formic acid HO_(l:ﬁ
o H  iveolic aci
O—C——OH glycolic acid
B
H—C—OH
H—(IZB—OH C
H glycolic acid O formic acid

Scheme 6. Possible mechanism of a- and B-dicarbonyl cleavage.

The problem of aldehydes in the reaction mixture

In all GLY oxidation tests under our reaction conditions (tem-
peratures of 40-100°C, O, at a pressure of 2.8-5 bar, mixing
speed equal to 1500 rpm, NaOH/GLY molar ratio of up to 4,
and a Turkevich Au concentration of 0-0.146 mmolL™") we
never detected any aldehyde (no HPLC signal and negative re-
sults of the Trommer probe with Cu?"). Thus, we could con-
clude that under our conditions these compounds could be
treated as unstable intermediates, immediately converted to
the corresponding acids. This was confirmed by an additional
test with a pure GLAD solution (0.1 M), which, after addition of
a base at room temperature and even in the absence of
oxygen and catalyst, was easily transformed to a number of
derivatives. Moreover, its structural isomer (tautomer) DHA be-
haved in the same way. Oxidation of these compounds (GLAD
and DHA) in the presence of a gold catalyst gave glyceric, gly-
colic, and formic acid, together with a complex mixture of vari-
ous derivatives, which were never observed during conven-
tional GLY oxidation tests (Figure 14).
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Figure 14. Comparison of typical chromatograms recorded after 60 min of
reaction of GLAD (0.1 m), DHA (0.1 M), or GLY (0.3 M) in standard conditions
(60°C, oxygen pressure: 5 bar, propeller speed: 1500 rpm, 9.6 g NaOH, and
86 um of commercial gold catalyst). Each dotted line corresponds to an ini-
tial reaction mixture. The marks represent: sulfuric acid (¥) used for the dilu-
tion of samples before HPLC analyses, oxalic acid (o), tartronic acid (e), glyc-
eric acid (¢), glycolic acid (e), GLY (V), and formic acid (¥).

Moreover, in each test after 15-20 min the Trommer probe
produced a negative result, meaning (together with HPLC anal-
yses) that, under our typical process conditions, the conversion
of both DHA and GLAD was complete in a short time.

Glyoxylic acid and formaldehyde were other examples of
two aldehydes, which in theory could appear in the reaction
mixture, but were not detected under our conditions. Al-
though the Cannizarro reaction can explain this absence, an
additional test was carried out to confirm this assumption.
Using reaction conditions analogous to those used in the case
of GLAD and DHA (aqueous solution of glyoxylic acid with
a concentration of 0.1m, 60°C, O, at a pressure of 5 bar, pro-
peller speed of 1500 rpm, Au with a concentration of 86 um,
and 9.6 g of NaOH), glyoxylic acid could be easily oxidized to
oxalic acid (Figure 15). The same test was performed for an
equimolar solution of glyoxylic acid and formaldehyde, which
gave rise after 5 min oxalic, glycolic, and formic acid as the
only products. After 20 min, the peak attributed to formalde-
hyde completely disappeared (Figure 15, solid line), whereas
glyoxylic acid was still present in the reaction mixture. That
meant that the oxidation of formaldehyde to formic acid pro-
ceeded more easily than the oxidation of glyoxylic acid to gly-
colic acid. Moreover, straight oxidation competed with the
Cannizzaro reaction.

Discussion about the global integrated reaction scheme

Taking all the above observations into account and especially
the absence of the majority of the possible byproducts, charac-
teristic for GLAD and DHA oxidation in basic media (Figure 14),
we can conclude that under our reaction conditions the possi-
ble global reaction pathway in the presence of Turkevich Au
particles seems to be much simpler than the general com-
bined one.™
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Figure 15. Comparison of typical chromatograms of glyoxylic acid (GLYOX,
0.1 M) and its equimolar mixture with formaldehyde (GLYOX + FALD) record-
ed after 5 (~—-) and 20 min (—) of reaction in standard conditions (same
as those described in Figure 14). The marks represent: sulfuric acid (¥), oxalic
acid (0), glycolic acid (e), glyoxylic acid (m), formaldehyde (), and formic
acid (a).

Our proposed mechanism (Scheme 7) is based on experi-
mental results of GLY oxidations in the presence of a base, and
in both the presence and absence of a gold catalyst. Also, the
results of short oxidation tests of all mentioned products (solu-
tions with a concentration of 0.1™ in standard reac-
tion conditions) were used to complete this global
reaction scheme. Unfortunately, the lack of pure
commercially available glyceric acid made it impossi-
ble to perform a test with this component. Such
a test would have undoubtedly provided valuable in-
formation about the intermediate steps of the GLY
oxidation process. Commercially available calcium
salts of glyceric acid exhibited an unusual behavior,

E. Skrzyniska, F. Dumeignil et al.

phase in the absence of a catalyst.*” Furthermore, this hypoth-

esis is supported by preliminary kinetic modeling work (not
shown here), which suggests that taking into account the
direct oxidative cleavage is mandatory to correctly fit experi-
mental data to the theoretical model. Thus, we cannot exclude
further oxidative cleavage of glycolic acid towards oxidized C,
products.

Notably, in the absence of oxygen GLY conversion is almost
completely suppressed. Even when using a base and operating
at the relatively high temperature of 80°C, the conversion of
GLY after 1 h under a N, atmosphere, in the absence of oxygen
and without the gold catalyst, hardly exceeded 0.5%. This also
confirms that the initial C—C splitting of GLY (the second possi-
ble primary transformation, Scheme 7) demands the assistance
of oxygen. Then, glyceric acid can be split into glycolic acid
and C, components (Scheme 3), mainly formaldehyde
(Scheme 7, NCR++, CR+). The latter is supposedly immediate-
ly oxidized to formic acid by oxygen (Scheme 7, CR++) or is
involved in the sequence of Cannizzaro-type cross-reactions
(Scheme 5). The results of blank tests (Figure 8) suggest that
these reactions can be favored especially at higher tempera-
tures and in the absence of a gold catalyst (Scheme 7,
NCR++). Further oxidation of glyceric acid to tartronic acid
seems to proceed through the formation of hydroxypyruvic
acid (Scheme 7, CR++), which can easily undergo classical hy-

OH
Ho_k._OH

glycerol
CR ++
NCR + 02, base

HO
J—COOH
HO

because they had low solubility in water and formed _— glyceric acid NeR*
basic solutions. Moreover, we believe that the intro- NCR - %’%f*
duction of calcium cations into the reaction mixture -
would have influenced oxidation results. Q HCOOH . 0

There are two main possible pathways for the pri- 4 COOH W oH HC.OOH.
mary GLY transformation (Scheme 7). First, GLY is di- nydroxypyruvic aeid HCHO glycolic acid formic acid
rectly oxidized to glyceric acid, because the observed CR ++ CR- fl’g/'? s |CR*+
selectivity at the initial stages of each process is the NCR - C%CR' NCRCJ'R: lNCR- NCR -
highest, and especially at lower temperatures it ap- HO HCHO or co, /_/(O S
proximates 100% (possibility of GLAD formation as — COOH T ~— ¢ ‘onu formalishyds
discussed above). This reaction proceeds favorably in tartronic acid ~ CR - HCOOH o
the presence of a catalyst, a base, and an excess of alyexyleracid
oxygen (Scheme 7, CR++, NCR+). The second possi- - i%’é;i
ble primary transformation is a direct oxidative cleav- — Wxdilation HO (¢}
age, in which glycolic and formic acid are directly = C-C cleavage R CO, ; HCOOH
formed from GLY, probably through the formation of — Cannizzaro Ooxa”CZHcid NCR -

highly reactive radical-type species without inter-

oxidative cleavage

mediate formation of partially oxidized C; products
(e.g., glyceric acid). This reaction requires the pres-
ence of a base and oxygen, whereas the presence of
a catalyst seems not to be mandatory. This possibility

Scheme 7. Possible pathways for GLY oxidation with and without gold nanoparticles.
Red, blue, and green arrows correspond to simple oxidation, C—C cleavage reactions,
and Cannizzaro reactions, respectively. Abbreviations CR and NCR stand for catalytic and

is suggested by previous research concerning pro-
panediol conversion (oxidative cleavage) in the gas
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drolytic C—C cleavage (Scheme 7, NCR++), as well as a variety
of subsequent reactions (Schemes 3-5). The last possible prod-
ucts (i.e., glyoxylic and oxalic acids) can be generated by direct
oxidation and/or oxidative cleavage reactions from both tar-
tronic and glyceric acid. It seems that direct oxidation is fa-
vored in the presence of gold nanoparticles, whereas high
temperatures and strong basic conditions favor oxidative
cleavage and straight hydrolytic transformations, such as:
retro-aldol  (Scheme 3), a- and [-dicarbonyl cleavage
(Scheme 6), oxidative cleavage with carbon dioxide evolution,
and Cannizzaro cross-reactions (Scheme 5).

Experimental Section
Reagents

All chemicals were used as received without any further purifica-
tion. For the preparation of colloidal gold nanoparticles the follow-
ing reagents were used: HAuCl, (99.99%) from Alfa Aesar;
Na;CsHsO; (99%) from Sigma-Aldrich. For the catalytic tests, anhy-
drous GLY (99%) and pure NaOH from Sigma-Aldrich were used.
All solutions were prepared with distilled water (Autostill 4000x
filter system). The eluent used for chromatographic analyses was
prepared from HPLC-grade solvents: H,SO, (0.25 m) from Fluka, de-
ionized water, and CH;CN from Sigma-Aldrich.

Preparation of gold nanoparticles

The preparation of the gold colloid was performed according to
the original procedure reported by Turkevich et al.*** In a typical
preparation, distilled water (212.5 mL) was heated with vigorous
stirring under reflux. Then an aqueous solution of HAuCl, (25 mL,
5.4mm) was added to boiling water and the resulting solution was
kept under mechanical stirring until boiling was reached again.
Then an aqueous solution of sodium citrate (12.5 mL, 10 mgmL™')
was added. The system was then kept under reflux for 30 min.
During the procedure, the flask was covered with aluminum foil to
prevent any exposure to the sunlight, which could accidentally ini-
tiate the reduction of the gold precursor (HAuCl,). Finally, the re-
sulting colloid solution was cooled by a “fast-quenching process”,
by dipping the flask in a cold water bath (5°C).

Characterization of gold nanoparticles

The characterization of gold samples did not involve any filtration
or centrifugation processes. UV/Vis spectra of gold nanoparticle
solutions were measured by using a PerkinElmer Lambda 650S
spectrophotometer. For TEM measurements, a drop of each syn-
thesized Au solution was deposited on a copper-coated grid,
which was subsequently dried for 5 h before being examined by
means of a TEM FEI Tecnai G2-20 twin with an accelerating poten-
tial of 200 KV.

GLY oxidation tests

Typical experiments were carried out in a 300 mL semibatch stain-
less steel reactor equipped with a gas-induced turbine, four baffles,
a thermocouple, a thermoregulated oxygen supply system, and
a pH electrode. In each experiment, a solution of GLY and gold in
water (200 mL) was heated to the desired temperature (40-100°C),
and the reaction was started when the calculated amount of
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sodium hydroxide was flushed into the reactor through a specific
fast-introduction device and the system was pressurized (2.5
10 bar) under continuous stirring (1500 rpm). In all experiments,
the initial concentration of GLY was equal to 0.3 M, whereas the
amount of base was adjusted to give a NaOH/GLY molar ratio be-
tween 0 and 4. In most experiments, the GLY/gold molar ratio was
fixed to 3500. The temperature, pH, and O, pressure were continu-
ously monitored and the reaction mixture was periodically ana-
lyzed by means of an Agilent 1200 HPLC equipped with a Rezex
ROA-Organic Acid H™ column (300x 7.8 mm) and a reflective index
detector. A solution of H,SO, (2.4mm) and CH;CN (0.1 mm) in de-
ionized water (0.48 mLmin~'") was used as eluent. Before analysis,
the samples were diluted and acidified to quench the reaction,
whereas the identification and quantification of products was ach-
ieved by comparison with calibration curves.

Trommer probe for aldehydes

The Trommer probe was used to detect the presence of aldehydes
(GLAD, formaldehyde, or glycolaldehyde) in the reaction mixture
using the reaction in Equation (3). Moreover, because of the possi-
bility of tautomeric keto-aldol transformation in the basic solution,
this test could also indirectly indicate the presence of components
such as DHA. All these components could reduce the bright blue
Cu?* ions to red Cu™ ions.

2Cu(OH), + RCHO + OH~ — Cu,0 + RCOO™ + 3H,0 3)

Typically, a reaction-mixture sample (0.5 mL) was added to a freshly
prepared colloidal Cu(OH), solution (0.5 mL), which was produced
by adding 2-3 droplets of aqueous sodium hydroxide (1m) to an
aqueous copper sulfate solution (0.1 m). Color changes were ob-
served after 5 min at RT.

DFT calculations

DFT calculations (Table 1) were performed using the GO3 pro-
gram.*” For both gas phase and liquid phase, we used B3LYP"“®
approximations to compute the electronic energy. The core elec-
trons were described by a pseudopotential,*” whereas double-zeta
basis sets were used for the valence one. The solvent was de-
scribed by the PCM model.®™ A polarization sphere was added on
the H involved in the reaction.

All geometries were fully optimized without constraint, and fre-
quency calculations were performed to characterize transition
states and stable geometries. The C—H bond distance in the transi-
tion state was very large (1.5 A). The reaction mechanism corre-
sponded in the same step to the C—H and C—OH bonds breaking,
which explained the very long C—H distance. The departure of the
OH™ group was favored by the formation of an enolate and the
transfer of a proton to the leaving group. The presence of three
OH groups on the molecule was the key to the peculiar GLY be-
havior because they increased the low acidity of the C—H bond by
an inductive effect and stabilized the leaving group by proton

Table 1. Calculated activation energies and C—H, C—OH bond distances.

Reaction E, Bond distances [A]
[kJmol™] C-H C—OH
ketone formation gas phase: 42 1.78 1.67
ketone formation liquid phase: 77 1.88 1.63
aldehyde formation gas phase: 58 1.61 1.51

www.chemsuschem.org

These are not the final page numbers! 77


www.chemsuschem.org

CHEMSUSCHEM

transfers. The activation-energy difference between the two possi-
ble sites was large. We proposed that the reaction would only pro-
duce ketones.
Notably, the activation-energy variation between the gas phase
and the liquid phase was due to the screening of the bare charge
by the solvent.
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Getting the balance right: The product
distribution observed during the liquid-
phase partial oxidation reaction of glyc-
erol is discussed in terms of balance be-
tween reactions specifically induced by
the presence of a base in the medium
and reactions as a result of the specific
action of gold nanoparticles as catalyst
(see figure). A global reaction scheme
supported by a set of mechanistic anal-
yses is proposed.
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