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Heterogeneous catalytic oxidation of glycerol over
a UiO-66-derived ZrO,@C supported Au catalyst at

room temperatures
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and Hong Yuan®2°

The catalytic conversion of biomass-derived glycerol into high-value-added products, such as glyceric acid

(GLYA), using catalyst-supported Au nanoparticles (Au NPs) at room temperature presents a significant

challenge. In this study, we constructed a series of supported Au catalysts, including Au/ZrO,@C, Au/C,
Au/ZrO,, and Au/ZrO,-C, and investigated their effectiveness in selectively catalytic oxidizing glycerol to

GLYA at room temperature. Among these catalysts, the Au/ZrO,@C catalyst exhibited the best catalytic

performance, achieving a glycerol conversion rate of 73% and a GLYA selectivity of 79% under the

optimized reaction conditions (reaction conditions: 30 mL 0.1 M glycerol, glycerol/Au = 750 mol mol™?,
T = 25 °C, p(O,) = 10 bar, stirring speed = 600 rpm, time = 6 h). Physical adsorption, X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), and other

characterization methods were employed to analyze the texture properties of the catalyst. The findings
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indicated that the support structure, the strong metal-support interactions between Au NPs and the

support, and the presence of small metallic Au NPs were the primary factors contributing to the
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1 Introduction

As the main product produced by the transesterification of
renewable bioenergy, biodiesel is known as an important green
energy because of its renewability, excellent combustibility, and
extensive sources of raw materials and has gradually attracted
the attention of researchers.’ Furthermore, the generation of
glycerol, an unavoidable byproduct of biodiesel production, has
increased rapidly with the increasing production volume of
biodiesel. Therefore, catalytic conversion of glycerol into high
value added chemicals has attracted much interest from both
academia and industry.>® From this glycerol, a sequence of
valuable products, such as 1,3-dihydroxyacetone (DHA), glycer-
aldehyde (GLYHD), glyceric acid (GLYA), tartaric acid (TA), lactic
acid (LA), formic acid (FA), and oxalic acid (OA), were obtained
via a selective oxidation reaction.'*** Among them, GLYA can be
used in many applications because of its various biological
activities, such as a liver stimulant with cholesterol activity,
a base material for functional surfactants and a monomer for
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catalyst's high activity and selectivity. Moreover, the reusability of the Au/ZrO,@C catalyst was
investigated, and a probable reaction mechanism for the oxidation of glycerol was proposed.

oligo-esters or polymers.'*"” Therefore, it is crucial to convert
glycerol into GLYA via an economical, green and efficient
approach.

In recent decades, the catalytic conversion of glycerol to
GLYA in aqueous solution over noble metal (Au, Pt, Pd) sup-
ported catalysts has been extensively investigated.'>**° It has
been widely proved that supported Au catalysts exhibit some
better catalytic performance than Pt and Pd catalysts. However,
the higher activity of Au-based catalysts in the oxidation of
glycerol depends on the presence of a strong base (NaOH). Many
works have been published in the recent years, it was popularly
accepted that Au based catalysts are active for this reaction in
a strong base solution and Pt-based catalysts are active in base-
free solution. However, adding base is generally necessary for
carbon-supported Au catalyst to effectively oxidize the glycerol.
Demirel-Giilen and co-workers* found that Au catalyst had no
glycerol oxidation activity under neutral condition, but could
effectively catalyze the oxidation of glycerol under alkaline
conditions. As the content of alkali increases, the glycerol
oxidation is kinetically favored, demonstrating that Au catalyst
requires the assistance of alkali to achieve an effective glycerol
oxidation reaction. In this case, the drawbacks of Au-based
catalyst is NaOH can make the C-C cleavage and the formed
product should be acidified in order to get a Na-free product.>
And the drawbacks of Pt catalysts is that it deactivated easily
because of the overoxidation of Pt, the leaching of Pt and the
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strong adsorption of formed acids.**** Furthermore, the selec-
tive catalytic oxidation of glycerol system is a structurally
sensitive reaction. Catalyst properties, such as the composition
and structure of Au NPs, the reaction conditions and the nature
of the support, may greatly influence the catalyst activity,
product selectivity and catalyst stability.>*® It is challenging to
achieve high catalytic performance at low temperatures with the
currently available catalysts. At the same time, the effect of the
support is also a very important factor. The support promotes
Au NP distribution and prevents coalescence and
agglomeration.

In supported Au catalysts, the main supports are carbon-
based materials. For example, Hutchings et al.>****° studied
oxidation of glycerol over Au/charcoal and 1% Au/graphite
catalysts. The yield of GLYA was 56% under mild reaction
conditions. Gil et al.*" prepared a series of catalysts with Au NPs
supported on different carbon materials (activated carbon,
graphite and ribbon-type carbon nanofibres). They found that
the activity and GLYA selectivity were significantly affected by
the crystallinity of the carbon support. Ketchie et al.>* prepared
different average Au nanoparticle sizes on carbon support and
found that the catalytic performance was related to the particle
size of Au nanoparticle and the nature of the support. Rodrigues
et al.**** pointed out that the oxygen content of carbon-based
material surfaces plays a key role in the oxidation of glycerol.
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When Au was supported on activated carbon (AC), which has
surface oxygenated acid groups, it was detrimental to the cata-
Iytic activity in glycerol oxidation reaction. However, Au sup-
ported on multiwall carbon nanotubes with oxygen-free had
a higher GLYA selectivity (60%) than oxygen-rich support (40%)
at the same glycerol conversion of 20%. Many research groups
have reported that carbon-based materials can affect the size,
stability, dispersion, and electronic structure of the noble metal
NPs and further affect the catalytic activity and selectivity of
product.

Recently, MOF-derived porous carbon materials have
received considerable attention as catalysts, particularly owing
to their clear crystal structures, adjustable pore topology,
ultrahigh surface areas, and excellent tail fin properties, and
these new-style carbon materials have been well developed in
the field of oxidation reactions, for instance, oxidative coupling
of amines, oxidation of alcohols and aerobic epoxidation of
styrene.**** To date, much effort has been focused on exploring
ideal MOF-derived nanocomposites. UiO-66 is a type of MOF
material that is composed of different organic ligands and Zr
metal ions and generally possesses a regular dodecahedral
secondary structural unit. Because of its excellent porosity, it
has been used as a support for a variety of catalysts. Cabello
et al.* reported that porous carbon prepared with UiO-66 as the
precursor has excellent adsorption capacity for the dye
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Scheme 1 Schematic illustration of the preparation process of the Au/ZrO,@C catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2023, 13, 27054-27065 | 27055


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04300b

Open Access Article. Published on 08 September 2023. Downloaded on 7/24/2025 9:11:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

rhodamine Cao et al.** prepared Ru/ZrO,@C and Ru/C catalysts
for comparison. Ru/ZrO,@C was found to have a better catalytic
effect and stability because ZrO,@C was obtained by pyrolysis
of Ui0O-66; it possesses a nano t-ZrO, (3.3 nm) structure
embedded in amorphous carbon, so the stability is the result of
the strong interaction between Ru and nano t-ZrO,. Li et al.*
successfully prepared ZrO,@CN from direct pyrolysis of the
Pd@NH,-UiO-66 (Zr) precursor, and it exhibited excellent
activity and reusability for the catalytic hydrogenation of TMBQ
to TMHQ. Wang et al.*® fabricated a 0.5 wt% Pt/ZrO,@C catalyst
and tested its catalytic performance in H,-SCR, achieving nearly
100% NO, conversion at 90 °C and verifying that the residual
carbon formed by the pyrolysis treatment was encased in
octagonal ZrO,, which effectively prevented Pt particles from
coagulating.

In the present study, a ZrO,@C support was prepared by the
pyrolysis of UiO-66 precursor, and then Au NPs were evenly
dispersed on the ZrO,@C by colloidal deposition method
(Scheme 1). By correlating the catalytic performance of the
catalyst with its surface configuration, we found that the
support had a significant and positive impact on stability in the
selective oxidation of glycerol to GLYA. Compared with the Au/
C, Au/Zr0O,, and Au/ZrO,-C catalysts, the Au/ZrO,@C catalyst
exhibited the best catalytic performance at 25 °C.

2 Results and discussion

2.1 Influence of the nature of the support

The selective oxidation of glycerol to GLYA was performed at
25 °C and 10 bar O, under alkaline conditions. To contrast the
catalytic performance of Au/ZrO,@C, Au NPs with the same
weight loading supported on C, ZrO, and ZrO,-C were also
prepared as control catalysts. The catalytic performance of the
supported Au catalysts for the selective aerobic oxidation of
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Fig. 1 Catalytic performance of the Au/C, Au/ZrO,, Au/ZrO,-C and
Au/ZrO,@C catalysts in glycerol oxidation (reaction conditions: 30 mL
0.1 M glycerol, glycerol/Au = 750 mol mol™, T = 25 °C, p(O,) = 10 bar,
stirring speed = 600 rpm, time = 6 h. GLYA: glyceric acid, DHA:
dihydroxyacetone, GLYCA: glycolic acid, TA: tartronic acid).
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glycerol is shown in Fig. 1. The highest glycerol conversion
(73%) was achieved over the Au/ZrO,@C catalyst after 6 h,
together with the highest selectivity towards GLYA (79%). In
contrast, the Au/ZrO, catalyst exhibited the lowest catalytic
activity for glycerol. Furthermore, the Au/ZrO, catalyst exhibited
the highest selectivity towards GLYA (72%), followed by Au/C
(64%) and Au/ZrO,-C (55%). Moreover, the main byproduct of
the reaction over the Au/ZrO,@C catalyst was DHA. For the Au/
ZrO,-C catalyst, TA was also produced in addition to DHA and
GLYCA.

The physical-chemical properties of the Au/C, Au/ZrO,, Au/
Zr0,-C and Au/ZrO,@C catalysts were analyzed to explain the
distinct catalytic performance. The corresponding XRD patterns
of pure UiO-66 are shown in Fig. S1,7 and the diffraction peaks
of UiO-66 with good crystallinity were very consistent with
previously reported XRD patterns.** The calcination tempera-
ture of UiO-66 was determined to be 600 °C through thermog-
ravimetric (TG) analysis. This analysis revealed a mass loss of
approximately 35%, as depicted in Fig S2.T The observed mass
loss can be attributed to water evaporation and the decompo-
sition of organic ligands. After reaching 600 °C, there were no
significant changes in the mass loss, suggesting that the UiO-66
structure started to collapse and disintegrate, while simulta-
neously forming the stable ZrO,@C structure. Fig. 2a and
b show XRD patterns of the support and the supported Au
catalysts, respectively. After thermal decomposition of UiO-66 at
600 °C under an argon gas atmosphere, some new diffraction
peaks appeared at 20 = 30.2°, 35.3°, 50.2°, 59.3° and 60.2°,
which corresponded to the (101), (110), (112), (103) and (211)
lattice planes of tetragonal ZrO,, respectively (PDF card no. 79-
1746). In addition, the characteristic peaks of carbon were not
observed. This indicates that amorphous carbon was formed
during the thermal decomposition process, which is in agree-
ment with previous reports.*® For ZrO, and ZrO,-C, diffraction
peaks appeared at 26 = 30.1°, 34.9°, 50.2°, and 59.7°, which
corresponded to the (111), (200), (220) and (311) lattice planes of
cubic ZrO,, respectively (PDF card no. 89-9069). Other diffrac-
tion peaks were attributed to monoclinic ZrO, (PDF card no. 83-
0936). These results indicated that ZrO, was present in the
monoclinic phase and tetragonal phase. For C, a broad peak
centred at 24.6° was observed, which was ascribed to the
formation of amorphous carbon regions and restacking due to
attractive van der Waals interactions.** The above results indi-
cated that the different structures of the support affected the
catalytic properties of the supported Au catalysts. In addition,
two diffraction peaks were observed at 38.2° and 44.3° for all the
supported Au catalysts, which were assigned to the (111) and
(200) crystal planes of Au, respectively.

Fig. 2c and S4f show the N, sorption isotherms of the
support and supported Au catalysts, respectively. All samples
except for ZrO, gave rise to type I/IV isotherms with H4-shaped
hysteresis loops, signifying the presence of both micropores
and mesopores in these materials. Table 1 lists the texture
parameters of the supports and corresponding supported Au
catalysts. UiO-66 had a high specific surface area of 1320 m* g~ .
After calcination at a higher temperature, most micropores were
lost, and ZrO,@C materials were formed. The specific surface

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 XRD patterns of the support (a) and supported Au catalysts (b). The nitrogen adsorption—desorption isotherms of the support (c). The H,-

TPR profile of the supported Au catalysts (d).

Table 1 The texture parameters of the supports and corresponding supported Au catalysts

BET surface Micropore area External surface Total pore volume Pore size distribution Au loading

Samples area (m®> g ") (m*>g™) Area (m* g™ ) (em® g™ (nm) (Wt%)
Ui0-66 1320 1138 182 0.57 2.28 —
Zro,@C 205 77 128 0.23 4.40 —
Au/ZrO,@C 146 40 106 0.13 3.64 2.95
C 1120 532 588 0.70 2.50 —
Au/C 940 445 495 0.59 2.50 1.99
ZrO, 64.5 0.7 63.8 0.21 13.19 —
Au/ZrO, 61.5 0 61.5 0.17 11.12 2.41
ZrO,-C 663 322 341 0.53 3.17 —
Au/ZrO,-C 466 215 251 0.38 3.27 2.46

area decreased considerably by 205 m* g~ . The corresponding
total pore volumes decreased from 0.57 cm® g~ t0 0.15 cm® g™ .
After loading Au, slight decreases in the specific surface area
and total pore volumes were observed for all catalysts (Table 1).

The H,-TPR profiles for the supported Au catalysts are shown
in Fig. 2d. No H, consumption was observed at less than 400 °C
for all catalysts, suggesting that Au was present in the metallic
state. For Au/ZrO,@C and Au/ZrO, catalysts, because ZrO, and
C were irreducible, there were no peaks in the test temperature
range. There was a small reduction peak at approximately 490 ©
C for the Au/ZrO,-C and Au/C catalysts, which was attributed to

© 2023 The Author(s). Published by the Royal Society of Chemistry

the reduction of oxygen-containing functional groups on the
surface of activated carbon.*

Typical TEM micrographs, the average particle size distri-
bution of Au NPs and the corresponding HRTEM images of the
supported Au catalysts are shown in Fig. 3. It can be clearly seen
that the Au NPs were well dispersed on the surface of all the
supports. For the Au/ZrO,@C catalyst, the mean size of the Au
NPs is smallest, which is approximately 2.65 £+ 0.59 nm, fol-
lowed by Au/ZrO, > Au/C > Au/ZrO,-C. Furthermore, it was also
found that the Au NPs were successfully supported onto the
supports; for example, a crystalline structure of Au with an
interplanar distance of 0.235 nm corresponding to the (111)

RSC Adv, 2023, 13, 27054-27065 | 27057
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Fig.3 TEM micrographs, average particle size distribution of Au NPs and corresponding HRTEM images for the supported Au catalysts: (a) Au/C,

(b) Au/ZrOs, (c) Au/ZrO,-C, and (d) Au/ZrO,@C.

plane was found.*® Moreover, the lattice fringes of ZrO, can be
clearly observed in Fig. 3(b-2) and (d-2). For the Au/ZrO,@C
catalyst, the lattice spacing was 0.30 nm, corresponding to the
(101) crystal plane of t-ZrO,. However, the lattice fringe of
graphitic carbon was not observed. The results indicated that
the t-ZrO, were uniformly distributed in amorphous carbon.*
EDX mapping was used to investigate the element distribu-
tion in the Au/ZrO,@C catalyst. As shown in Fig. 4 and S3, Au,

27058 | RSC Adv, 2023, 13, 27054-27065

Zr, C and O were well dispersed in the Au/ZrO,@C catalyst.
These results also confirmed the successful incorporation of the
Zr0O, species into the C framework.

To further investigate the surface element composition and
chemical state of all the catalysts, XPS was performed, and the
results are shown in Fig. 5. Au, Zr, C and O were present in all
catalysts (Fig. 5a). The Au 4f;,, binding energies were 84.05 eV
for all catalysts (Fig. 5b). These values are close to that of bulk

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM images and corresponding EDX-mapping analysis of the Au/ZrO,@C catalyst.
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Au, ie., 84.0 eV, indicating that the Au particles were in the
metallic state, which was also in good agreement with the H,-
TPR characterization. Furthermore, the Au 4f peak of all cata-
lysts was uniformly shifted to higher binding energies by
0.05 eV. Fitting of the O 1s data obtained for Au/ZrO,, Au/ZrO,-
C, and Au/ZrO,@C catalysts resulted in peaks at approximately
529-530 eV, 531.5-532 eV and 533 eV, respectively, as shown in

Fig. 3c, corresponding to O-C, O-C, and O-Zr bonds.**>** The Zr
3d of zirconia usually shows two spin-orbit double peaks, Zr
3ds/, and Zr 3d;,, at binding energies of 182.1 eV and 184.5 eV,
respectively. In Au/ZrO, and Au/ZrO,-C catalysts, the binding
energy of Zr 3ds,, is lower than 182.1 eV, in contrast, there is
a significant positive deviation of Zr 3ds, for Au/ZrO,@C,
indicating electron transfer from Zr to Au. More specifically, the

Auw/ZrO,@C catalyst

25°C, NaOH

> Au
®c
Qo
Q zr

Scheme 2 The reaction pathway of the oxidation glycerol to GLYA over the Au/ZrO,@C catalyst.
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unique structure in Au/ZrO,@C can prevent oxidation of Au by
providing access to electronic Au. In addition, no other peaks
were found in the catalysts Au/ZrO,-C and Au/ZrO,@C, which
demonstrates that this material does not contain ZrC, which is
consistent with the XRD results.

The high activity of the Au/ZrO,@C catalyst can be
explained based on the characterization of the catalysts. XRD
showed that the structure of ZrO,@C was different from those
of the other supports. TEM showed that the Au/ZrO,@C
catalyst had the smallest metallic Au NPs, which were more
active in the cleavage of the secondary C-H bond in glycerol
molecules. EDX mapping showed that the high-density mes-
oporous structure of the Au/ZrO,@C catalyst effectively led to
highly dispersed Au NPs. XPS showed that the highest electron
transfer occurred from Zr to Au in the Au/ZrO,@C catalyst.
This excellent catalytic performance was mainly ascribed to
the strong metal-support interactions between Au NPs and the
support on the interface.

2.2 Effect of reaction conditions

The influence of the reaction temperature was researched using
the Au/ZrO,@C catalyst, and the results are shown in Fig. 6a. As
expected, the conversion of glycerol increased with increasing
reaction temperature. When the temperature was raised from
15 °C to 40 °C, the conversion of glycerol increased from 67% to

View Article Online
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100%. Upon further increasing the temperature, no change was
observed in the conversion of glycerol. The selectivity for GLYA
first increased and then decreased with increasing temperature,
and the highest selectivity for GLYA (79%) was achieved at 25 °
C. Although high reaction temperatures ensure thermodynamic
desorption of these molecules from the active site, the accom-
panying side reactions often result in reduced selectivity,
especially for reactants with multiple functional groups.®>*
Fig. 6a shows that the yield of GLYA at 40 °C was much higher
than that at other temperatures (67%); however, the amount of
byproducts increased significantly. In general, a given catalyst
with a strong adsorption energy for molecules at low tempera-
tures has poor catalytic activity because strong adsorption of
intermediates and products blocks the interfacial active site.**
From the point of view of energy conservation and environ-
mental protection, the optimum temperature was 25 °C.

Fig. 6b shows the conversion of glycerol and the selectivity
for products with different reaction times over the Au/ZrO,@C
catalyst at 25 °C while keeping the other conditions constant. By
prolonging the reaction time from 1 to 12 h, the conversion of
glycerol increased from 46% to 88%. However, the selectivity
towards GLYA decreased significantly with time. In addition to
GLYA and DHA, other byproducts, such as GLYCA and TA, were
also detected after 6 h, indicating that the reaction time has an
effect on the synthesis of GLYA from glycerol.
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(a) Recycling of the Au/ZrO,@C catalyst. (b—d) XPS spectra of the Au/ZrO,@C catalyst: fresh and after being used three times.
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2.3 Catalytic mechanism

For Au-based catalysts, alkaline conditions rather than acidic
conditions are favourable for catalysis because under alkaline
conditions, hydroxide anions can induce the removal of H on
the primary hydroxyl group of glycerol, thus initiating the
oxidation process of glycerol.>® Based on the results obtained in
this work, a hypothetical reaction pathway of the selective
oxidation of glycerol to GLYA over the Au/ZrO,@C catalyst was
proposed, as shown in Scheme 2. The different surface Au and
Zr species are involved in the proposed reaction cycle. The role
of the hydroxyl groups from the reaction medium is pointed
out.

First, it is commonly accepted that metal alkoxide formation
by adsorption of an alcohol on the Au surface could be the
initial step during alcohol oxidation over Au catalysts.” In the
presence of hydroxide anions, the O-H bond of the terminal
hydroxyl group is activated and initiated dehydrogenation by H
extraction. Furthermore, the interaction of negative charges on
the Au formed by electron transfer of the Zr*" species on the
carbon-based material enhances the cleavage of the O-H bond.
In the second step, aldehydes are produced by -H elimination
at Au NPs, which can occur via the transfer of either a hydrogen
atom or hydride.”® Subsequently, the lattice oxygens are
replenished by adsorbed oxygen on the support surface. Finally,
the adsorbed oxygen is dissociatively chemisorbed on metallic
Au NPs, hydrogen from the aldehyde group is oxidized to the
carboxyl group under the synergistic action of the hydroxide
anion, and GLYA is formed.*”*®

2.4 Catalyst reusability

To evaluate the recyclability of the catalyst, the Au/ZrO,@C
catalyst was tested over three runs. After each run, the catalyst
was filtered, washed with deionized water and dried at 80 °C for
12 h. Then, the recycled catalyst was used again under the same
reaction conditions. As shown in Fig. 7a. The fresh Au/ZrO,@C
catalyst exhibited 73% glycerol conversion and 79% GLYA
selectivity. The conversion of glycerol and the selectivity of
GLYA obviously decreased with an increasing number of cycles.
After the third cycle, the conversion of glycerol decreased to
43%, and the selectivity of GLYA decreased to 52%. To explain
the deactivation of the Au/ZrO,@C catalyst, the used catalyst
and the liquid-phase were characterized by XPS and ICP-AES,
respectively. The results of the ICP-AES analysis are shown in
Table S1.7 It was observed that Au and Zr were dissolved in the
reaction mixture after every cycle. These results indicated that
the structure of the catalyst changed after the reaction, which
may be a reason for the decrease in catalytic activity. The results
of the XPS analysis (Fig. 7b-d) confirmed that the binding
energy of Au 4f;,, decreased after three runs (from 84.05 eV to
83.96 eV), indicating that the Au-support interaction changed
after the reaction. In addition, the content of Au on the surface
clearly decreased, which may be caused by Au dissolution
during the reaction process. After three runs, the O 1s spectrum
showed a significant decrease in the O-C peak intensities.
These results indicated that the chemical state of O changed
after recycling.
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3 Conclusion

In this work, the Au/ZrO,@C catalyst exhibits excellent catalytic
performance for the oxidation of glycerol to GLYA at room
temperature (25 °C), which provides a prospective process for
the catalytic conversion of biomass sources at room tempera-
ture. The catalytic activity of the Au/ZrO,@C catalyst is superior
to that of the Au/C, Au/ZrO, and Au/ZrO,-C catalysts. A
combination study including XRD, TEM, and XPS confirms that
the high activity of the Au/ZrO,@C catalyst is ascribed to the
support structure, the strong metal-support interactions
between Au NPs and the support, and the highly dispersed Au
NPs. arising from the preparation method. Therefore, this work
provides a facile strategy for glycerol oxidation at room
temperature. Unfortunately, a few insufficiencies, such as
catalyst stability, still remain to be solved.
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