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10Abstract

11Gluconic acid (GOA) and glucaric acid (GAA) are valuable chemicals for a wide range
120f applications, yet conventional technologies for their production suffer from low
13efficiency, high cost, and especially environmental concerns. It is imperative to develop
14sustainable heterogeneous catalytic systems exhibiting promising catalytic activity and
15good recyclability. In this review, base-free glucose oxidation over structure-tailored
16heterogeneous catalysts is discussed, and Au-based catalysts are found to present
17promising potential in sustainable biorefineries. To address the issue of its cost,
18introducing secondary metals forming bimetallic catalysts and developing non-noble
19metal-based catalysts are proposed as possible solutions. GAA production is of
20particular interest due to its high value and yet limited investigation regarding the
21mechanisms and system development. The feasibility of raw biomass conversion over
22bifunctional catalysts is also explored for the sake of industrial application. The
23potential of emerging technologies including ultrasound-assisted, microwave-assisted,

24and photocatalytic oxidation is emphasized, which allow for milder operating conditions
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25compared to conventional heating. This review curates the latest findings and highlights
26the opportunities and limitations of reported technologies, promoting the development
270f green catalytic systems to achieve sustainable valorization of biomass/food waste
28through controllable oxidation pathways.

29Keywords: Glucose oxidation; platform chemicals; heterogeneous catalyst; sustainable
30biorefinery; waste management; biomass valorization.
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32Abbreviation list

Abbreviation Full name

AC Activated carbon

DES Deep eutectic solvent

DFT Density functional theory
ESR Electron spin resonance
g-C3Ny Graphite-like carbon nitride
GAA Glucaric acid

GOA Gluconic acid

GUA Glucuronic acid

HAP Hydroxyapatite

HMF 5-Hydroxymethylfurfural
HPW Phosphotungstic acid

LA Levulinic acid

LDH Layered double hydroxide
MPz Metallothioporphyrazine
NHC N-heterocyclic carbene
PVA Polyvinylalcohol

SPR Surface plasmon resonance
TOF Turnover frequency

uv Ultraviolet
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611. Introduction

62 Biomass is an abundant renewable and cleaner resource, which can be valorized to a
63wide range of chemicals as alternatives to fossil-derived products, alleviating the
64environmental impacts (e.g., emission of greenhouse gases, acid rain, and PM,s) and
65easing the energy crisis. The massive amount of biomass waste remains substantially
66underutilized at the present stage. For instance, the residual biomass potential was
67estimated as 8500 PJ y™ in the European Union, which exceeded the energy
68consumption in Italy in 2015 (Hamelin et al., 2019). This highlights the opportunity of
69production of value-added bio-based chemicals to achieve the Sustainable Development
70Goals (SDGs) proposed by United Nations (2015).

71 Plant-derived biomass is rich in biopolymers that comprise glucose as the monomeric
72unit. It can be obtained via hydrolysis of starch-rich food waste (Cao et al., 2018) and
73lignocellulosic waste (Dutta et al., 2020). Valorization of glucose is a crucial industry in
74biorefinery producing chemicals such as gluconic acid (GOA), glucaric acid (GAA), 5-
75hydroxymethylfurfural (HMF) (Yu et al., 2018), and levulinic acid (LA) (Chen et al.,
762017). Among them, GOA and GAA can be utilized as additives in food,
77pharmaceuticals (e.g., Fe, Zn, and Ca deficiency (Savas & Igor, 2007)), monomer of
78biodegradable polymers (e.g., poly(acetonide gluconic acid) (Abtew et al., 2019) and
79amphiphilic polymers (Wu et al., 2016)), and green chelating agent for metal extraction/
80coordination (Fischer & Bipp, 2002). Besides, GOA can serve as cement additives in
81construction industries (Hou & Bao, 2019), whereas GAA, a top sugar-derived building
82block identified by the United States Department of Energy (Werpy & Petersen, 2004),
83is a potential ingredient in de-icers, corrosion inhibitors (Ahuja & Singh, 2018a), and

84the precursor of adipic acid to substitute the conventional fossil-based feedstock (Lee et



85al., 2016). The market of GAA has been forecasted to exceed US$440 million by 2024
86(Ahuja & Singh, 2018a) while that of GOA will be worth US$80 million (Ahuja &
87Singh, 2018b).

88 In conventional practice, GOA and GAA can be produced by biochemical oxidation
89using fungi, bacteria, or enzymes (Cafete-Rodriguez et al., 2016). However, various
90drawbacks (i.e., low productivity, vulnerability, non-recycling, wastewater production,
91neutralization need, etc.) impede their scaling-up applications. Nitric acid has been
92commonly used as a chemical oxidant yet the low GAA yield (< 50%) (Smith et al.,
932012) and the associated environmental pollution make it less appealing for the
94industry. Attention has been given to developing heterogeneous catalysts that are cost-
95effective, recyclable, and environmentally benign to achieve sustainable biorefineries. It
96has been reported that GAA production using heterogeneous Pt/C catalyst induced 22%
97less environmental impact than nitric acid with comparable yield (Thaore et al., 2020).
98 Conventional heterogeneous catalysts generally comprise noble metals in
99monometallic (e.g., Pt (Onda et al., 2008) and Pd (Liang et al., 2008)) and bimetallic
100(e.g., AuPd (Comotti et al., 2006), AuPt (Comotti et al., 2006), PdBi (Karski et al.,
1012003)) forms for catalytic glucose oxidation. The effects of metal species (Comotti et
102al., 2006), metallic promoter (Karski et al., 2003), physicochemical properties of
103support (Delidovich et al., 2013), solution pH (Comotti et al., 2006), etc., were
104examined in previous studies, in which alkali condition was necessary to achieve good
105catalytic performance. However, this raises environmental concerns and safety issues
106during operation. Most of the reported catalysts exhibited low stability and reusability.
107 Recent efforts have been paid to advancing heterogeneous catalysts by manoeuvring

108their structure-dependent catalytic activities, with a focus on high turnover frequency



109(TOF) and stable performance under base-free conditions. High-resolution analytical
110technologies nowadays enable nano-/molecular-scale characterization, informing the
111control of active site formation and modification of the supports for superior catalytic
112activity, such as ultrasmall Au clusters supported on TiO, (Guo et al.,, 2019), Au
113nanoparticles supported on N-doped hierarchical porous carbon (Meng et al., 2020) and
114amino-functionalized mesoporous SiO, (Ortega-Liebana et al., 2020), and alloyed PtCu
115supported on TiO, (Shi et al., 2018). In addition, bifunctional catalysts have received
116significant attention to achieve the one-pot conversion of raw biomass in biorefineries.
117They contain acid sites that catalyze the hydrolysis of glycosidic bonds of saccharides to
118release glucose molecules, which are subsequently oxidized over the adjacent metal
119sites (Eblagon et al., 2016). To develop low-energy input protocols avoiding harsh
120reaction conditions, ultrasound (Amaniampong et al., 2019), microwave (Rautiainen et
121al., 2016), and solar energy (Zhou et al., 2017) can be employed to assist catalytic
122glucose oxidation via radical and/or thermal activation process.

123 While previous reviews addressed oxidation of a wide variety of biomass-derived
124molecules (Arias et al., 2020), focused on the use of noble metal catalysts (Cattaneo et
125al., 2018), or aimed at carboxylic acid production (Iglesias et al., 2020), an in-depth
126discussion is urgently needed for fostering the advances in glucose oxidation
127particularly toward high-value GOA and GAA. This review addresses the latest
128progress in designing heterogeneous catalysts for GOA and GAA production under eco-
129friendly base-free conditions. Bifunctional catalysts comprising acid and metal sites are
1300f particular interest as they present the opportunity of direct biomass conversion to
131foster practical industrial application. Emerging catalytic systems assisted by

132ultrasound, microwave, and photocatalysis are also highlighted as cost-efficient and



133energy-saving methods, and the limitations of these technologies are addressed as well.
134The scientific insights generated from this review are helpful for future research in
135devising green and promising catalytic systems for sustainable production of GOA and
136GAA via glucose oxidation.

137

1382. Methodology

139 It is significant to research on clean production of GOA and GAA from biomass-
140derived glucose via catalytic oxidation. 93 publications in recent years (2015-2021)
141were reviewed from the Web of Science ™ Core Collection after searching for “glucose
142o0xidation”, “gluconic acid or glucaric acid”, and “catalytic” as keywords. The citation
143report shows that the citations have been increasing over the past three years (Fig. 1).
144The top-record-count journals were Catalysis Science Technology, Applied Catalysis B:
145Environmental, Green Chemistry, and ACS Sustainable Chemistry Engineering, where
146the publications mostly concern the environmental issues, implying that
147environmentally benign process of GOA and GAA production needs to be further
148developed at present.

149 Based on the background research (Fig. 2), this critical review focuses on
150environmentally benign glucose catalytic oxidation for the production of GOA and
151GAA in view of their high values and research needs. A considerable number of the
152latest literature were critically reviewed to unveil the research progress and limitations.
153They were organized as follows: rationales and mechanisms (e.g., reaction pathway and
154products, catalytic mechanisms, and catalyst deactivation), catalyst design (e.g.,
155catalysts designed for GOA/GAA production and bifunctional hydrolysis-oxidation

156catalysts), and emerging methods (e.g., ultrasound assistance, microwave assistance,



157and photocatalysis). Challenges, industrial implications, and future research directions
158were further identified and elaborated before conclusions.

159

1603. Rationales and mechanisms

161 As the fundamental platform of this review, reaction pathway and products/by-
162products of catalytic glucose oxidation is firstly articulated in this section (Fig. 3). The
163purification process of GOA and GAA are then introduced considering their nature as
164organic acids. Catalytic mechanisms followed by the deactivation and regeneration of
165catalysts are elucidated for a better preparation before the subsequent sections regarding
166catalysts design and emerging methods.

1673.1 Reaction pathway

168 Scheme 1 illustrates the main reaction pathway from glucose precursor to GOA and
169GAA products, where the aldehyde group (-CHO) on C1 of glucose is oxidized to the
170carboxyl group (-COOH) forming GOA. The hydroxyl group (-OH) on C6 of GOA is
171oxidized to -CHO and then to -COOH, forming glucuronic acid (GUA) and GAA
172sequentially. The yield of GAA is usually lower than GOA as the oxidation of -OH is
173less thermodynamically favourable than -CHO (Lee et al., 2016), and the intermediate
174GUA is prone to isomerization to 5-keto-GOA (Jin et al., 2016).

175 The side reactions include isomerization, cleavage of the C chain, and overoxidation
176(Scheme 1). Apart from the isomerization of GUA, glucose can be reversibly
177isomerized to fructose in base condition, which was also reported in a base-free
178environment in the presence of H,O, that might produce OH (Qi et al., 2015). The C-C
179cleavage of hexoses and sugar acids, or the oxidization of intermediate aldehydes,

180produce another group of by-products, i.e., carboxylic acids with less than four carbon



181atoms, including tartronic acid, glyceric acid, lactic acid, oxalic acid, glycolic acid, and
182formic acid (Jin et al., 2016). Arabinose (Cheng et al., 2019), glycerol (Cheng et al.,
1832019), and xylitol (Payormhorm et al., 2017) were also detected in photocatalytic
184oxidation studies. While the generation routes of the former two products were not
185revealed, xylitol may arise from glucose decomposition under ultraviolet (UV)
186irradiation. These by-products were reported in low yields, of which recovery and
187downstream separation may not be economically feasible. These problems suggest that
188science-informed catalyst structure design and functionalization are critical to suppress
189side reactions for selective GOA and GAA production.

1903.2 Purification of products

191 The purification of target products is a critical process. In the conventional GOA
192purification process, after the addition of Ca(OH),, calcium gluconate is separated as
193crystal from supersaturated solution, and then stoichiometrically acidified by H,SO4 for
194Ca removal in the form of CaSO.. The cation-exchange resin can also be utilized to
195remove Ca and obtain pure GOA (Pal et al., 2016). The environmental concerns of these
196purification methods should be noted, such as harsh acid conditions and wastewater
197discharge. An environmentally benign candidate is the membrane-based separation
198method, with which a continuous and recycle system can be built to supersede the
199conventional batch process (Banerjee et al., 2018). It was also reported that GOA can be
200self-precipitated without additional reagent from FeCl;-6H,O/ethylene glycol, when
201using a catalytic deep eutectic solvent (DES) system (Liu et al., 2018) to achieve a clean
202way of production and DES recovery. As for the purification of GAA, several methods
203(e.g., nanofiltration and diffusion dialysis (Smith et al., 2012)) were developed to

204remove nitrate, which is the main residue in conventional chemical oxidation by nitric
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205acid. Then, mono-potassium glucarate was isolated as precipitate after base (KOH) and
206acid (HCl) neutralization in sequence (Smith et al., 2012). However, the use of harsh
207base and acid results in environmental issues; ion-exchange resins and selective
208sorbents have also been evaluated for the separation of GAA (Yuan et al., 2017).

2093.3 Catalytic mechanisms

210 The catalytic mechanism of glucose oxidation is another important aspect to be
211further investigated. While there is limited information about GAA production in the
212literature, most of the mechanistic studies investigated the oxidation to GOA (i.e., the
213first-step oxidation in Scheme 1), in particular, over Au-based heterogeneous catalysts.
214The pH value was found to be a key determinant of reaction rate, where the desorption
2150f GOA was favoured at pH > 7 (Onal et al., 2004). The critical role of OH" has been
216highlighted by using the density functional theory (DFT) method (Ishimoto et al., 2015).
217The OH in the solution phase was adsorbed on the Au surface, forming —OH for
218subsequent glucose adsorption. The -CHO group of glucose then interacted with OH" in
219the solution phase, followed by proton transfer releasing a water molecule. The -OH
220adsorbed on Au surface was subsequently transferred to the intermediate forming GOA.
221 Although the basic solution facilitates glucose oxidation, it does not meet the
222requirement for sustainable development considering the environmental pollution issue.
223Au-based catalysts that can perform well in base-free environments have been reported
224for cleaner reaction, in which dissolved oxygen (Guo et al., 2019) and water (Meng et
225al., 2020) may participate in the oxidation. The supports could play synergistic roles in
226activating glucose and catalytic sites. Activated carbon (AC) was reported to facilitate
227the formation of secondary active sites AuO™ (Megias-Sayago et al., 2018). TiO, might

228activate the adsorbed glucose and oxygen together with Au® (Guo et al., 2019). Basic
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2209sites on the hybrid composite were speculated to coordinate with the carbonyl group of
230glucose and facilitate hydrogen elimination for GOA production (Zhuge et al., 2019).
231As a non-noble metal oxide, CuO also showed the capacity to oxidize glucose without
232base addition (Amaniampong et al., 2015b). The corresponding mechanisms involve the
233dissociation of the formyl C-H bond of glucose and the insertion of the surface lattice
234oxygen from CuO into glucose, producing gluconate and GOA when CuO is reduced to
235Cu with O consumption. Such base-free conditions reduce the equipment requirement
236and water pollution, presenting a more economical and environmentally benign
237approach compared to the application of base-required catalysts.

2383.4 Catalyst deactivation and regeneration

239 Deactivation of catalysts is commonly observed in the heterogeneous catalytic
240oxidation, which directly affects the reaction rate, overall conversion, and product
241selectivity. As for chemical deactivation, both reactant (glucose) and products (GOA
242and GAA) could form complexes with metals, leading to their leaching and reducing the
243catalytic activity (Wenkin et al., 1996). To prevent such irreversible deactivation, metals
244should be anchored with appropriate microstructure or nano-confinement, and/or
245strongly interacted with surface functionalities on the tailored support. In addition,
246compounds with -OH groups bound to secondary carbon atoms (e.g., sugar acids and
247ketones) tend to be strongly adsorbed on the catalyst surface and poison the active sites
248(Zope & Davis, 2011). The adsorbed species could be overoxidized to by-products,
249decreasing the GOA and GAA selectivity. Washing the spent catalysts with NaOH
250solution (Abad et al., 2008) and calcination were commonly adopted to remove the
251adsorbed organics for catalyst regeneration, but aggressive thermal treatment might lead

252to thermal deactivation via metal sintering. Surface oxidation is another possible
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253deactivation pathway. It was found that Au/TiO, catalyst calcined in an O,-containing
254environment showed low glucose conversion (< 5%) (Guo et al., 2019). The presence of
255Au" species could lead to strong interactions with the water molecules and oxygen
256species, blocking the active Au’ sites from glucose and the oxidant. In contrast, another
257study reported that the state of Au’ could be maintained for five runs of reaction, where
258the catalyst was calcinated (300 °C) in the air after each run (Meng et al., 2020).
259Whether surface oxidation can lead to catalyst deactivation is still debatable.

260 Thermal deactivation may occur as undue thermal treatment incurs metal
261agglomeration or sintering over the supported metal catalysts, resulting in larger particle
262sizes and decreased number of surface active sites. It was reported that acidic conditions
263accelerated Au sintering (Wang et al., 2014) and residual chloride from precursors, e.g.,
264HAuCly-3H,0, caused Au agglomeration during the thermal treatment (Oh et al., 2002).
2653.5 Challenges

266 According to the above discussion of mechanisms of glucose oxidation, there are
267several key challenges to be investigated in depth. The detailed mechanisms of GAA
268production from glucose oxidation are not fully understood, although the theoretical
269multistep pathway has been proposed. This limits the development of solid catalysts
270towards high-yield and high-selectivity GAA production. The step-by-step experimental
271linvestigation combined with the DFT calculation may be needed in future studies.
272Another issue is the adsorbed species that poison the catalyst and lead to a series of by-
273products (e.g., carboxylic acids) via overoxidation. Considering that appropriate
274adsorption enhances the accessibility of reactants to the active sites, it is crucial to tune
275the adsorption affinity and capacity by designing the structure and functionality of solid

276catalysts. Environmentally friendly and economically competitive purification process

13



2770f products is also worth to be investigated because the operational costs, equipment
278requirement, and environmental issues of present processes are still under-addressed.
279

2804. Science-informed design of glucose oxidation catalysts

281 Based on the discussion regarding the rationales and mechanisms of catalytic glucose
282oxidation, it is noteworthy that catalyst design is one of the core issues. The advances in
283synthesis protocols and characterization technologies have promoted the sophisticated
284design of supported metallic catalysts, with a focus on developing micro-structure or
285hybrid composites, incorporating secondary metals and functionalized supports (Fig. 4).
286The aims are to maintain high conversion and selectivity, improve stability and
287reusability, and lessen the requirement of reaction conditions.

2884.1 GOA production

289 Due to the reasonable availability and wide application, most of the previous studies
290took GOA as the target product from catalytic glucose oxidation. While the common
291approaches require alkali conditions, the oxidation of glucose to GOA in a base-free
292environment is more environmentally friendly and favours field-scale operation. As Au
293shows excellent catalytic performance compared to Pt and Pd due to its higher stability
294and tolerance in the acidic media, recent studies have attempted to develop innovative
295Au-based catalysts, in monometallic or bimetallic forms, that can facilitate base-free
296glucose oxidation (Table 1).

2974.1.1 Monometallic catalysts

298 Monometallic catalysts are relatively simple to be prepared in comparison to
299bimetallic catalysts. In this section, the physicochemical properties of the catalyst

300supports (i.e., size, species, porosity, and functional groups) followed by size and

14



301distribution of metal particles are discussed in depth as critical determinants of catalytic
302performance.

303 Nano-size CeO, (nCe0O,) and micro-size CeO, (nCeO,) were compared as supports of
304Au nanoparticles (Wang et al., 2014). The glucose conversion over Au/nCeO, was
305higher than that of Au/pCeO, from the second run onwards, despite similar
306performances in the first run. The higher reusability of Au/nCeO, can be ascribed to the
307abundant anchoring sites on nCeO,, which could alleviate the Au leaching and
308hydrothermal sintering. In contrast, these issues emerged as problems for Au/pCeO, as
309Au loss and growing particle size were observed. Organic products, such as carboxylic
310acids and ketones, were considered as inhibitors but the catalytic activity was not
311recovered after NaOH wash or calcination (225 and 325 °C). It was noteworthy that a
312higher activity was obtained by reducing the Au loading to 0.02% on pCeO,, which can
313be ascribed to the lower surface density of Au nanoparticles. As for the oxide species of
314support, both CeO, and TiO, showed relatively high conversion and selectivity under the
315selected conditions (Wang et al., 2014), while a higher Ce proportion in the support may
316result in a lower activity and a large proportion of Zr could favour the formation of
317lactic acid as a side product (Megias-Sayago et al., 2017).

318 Mesoporous supports can facilitate interfacial reactions and reduce metal blocking. It
319was reported that Au nanoparticles were confined in the mesopore channels and evenly
320dispersed on the surface of ordered mesoporous carbon material (CMK-3), achieving
321outstanding catalytic performance in the glucose oxidation among the studied catalysts
322(Table 1) (Qi et al., 2015). The catalytic activity was reduced significantly after several
323runs, yet it could be restored by NaOH treatment or calcination. High-temperature

324calcination (500 °C) however may incur metal sintering (Wang et al., 2014).
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325 Functionalization of the supports is an emerging approach to improve catalytic
326performance and stability. Meng et al. (2020) synthesized a series of nitrogen-doped
327carbon (N-C) materials with hierarchical porous structure as the supports for Au
328nanoparticles, achieving excellent catalytic performance (97.62% of GOA yield, Table
3291). The DFT results revealed that the doped N species served as the anchoring sites for
330Au, and pyridinic N possessed stronger binding force than graphitic N. O, could be
331adsorbed on the N atoms to enhance the charge transfer and participate in the base-free
332oxidation, while the nitric oxide may account for the high catalytic activity. Ortega-
333Liebana et al. (2020) prepared an amino-functionalized mesoporous SiO,-supported Au-
334based catalyst with reference to the configuration of glucose oxidase. The catalyst
335exhibited good recyclability with only ~ 10% loss of activity after four runs. Glucose
336conversion of 85% could be obtained under mild conditions, without high temperature,
337pressure, and base conditions. The catalytic mechanisms are yet to be revealed.

338 Minerals such as hydroxyapatite (HAP) with superior ion-exchange capacity,
339tuneable acid and basic sites, and high stability under acid conditions are potential
340catalyst supports (Liu et al., 2016). By using Au/HAP catalyst, Liu et al. (2016) lowered
341the reaction temperature to room temperature and obtained 90.9% sodium gluconate
342with 0.5 equiv. Na,CO; addition and catalyst deactivation was not observed after five
343cycles. Compared to strong alkali, Na,CO3; with moderate basicity was superior. Hybrid
344composites have been developed to capitalize on the complementary advantages of two
3450r more support materials. Zhuge et al. (2019) prepared a complex Au/HAP-layered
346double hydroxide (LDH) catalyst, using CaAl-LDH with the brucite-like layer structure,
347high specific surface area, and abundant basic sites. The hybrid composite exhibited

348needle-like HAP microcrystals dispersed on the platelet-like LDH particles providing a
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349large surface area and facilitating strong metal-support interactions in the form of Au-
3500-M (M = Ca, Al). The surface basic sites were speculated to coordinate with the
351carbonyl group of glucose and facilitate its activation. This catalyst achieved 98.9% of
352glucose conversion and 99.7% of selectivity to GOA, of which the high activity was
353maintained for four cycles. These findings highlighted the potential of heterogeneous
354catalysts carrying basic sites as the sustainable alternative to alkali solutions.

355 Following the demonstration of controlling metal particle growth via support
356functionalization, it is necessary to determine the target particle size for cost-efficient
357glucose oxidation. It has been widely agreed that small particles show superior catalytic
358activity (Ishida et al., 2008). Guo et al. (2019) reported that Au clusters at a particle size
3590f 1.2 nm supported on TiO, resulted in 92% glucose conversion with 95% GOA
360selectivity with high reusability for five cycles. Nevertheless, recent evidence also
361pointed to high-performance catalysis over relatively large particles. For the Au/C
362catalysts, it was identified that the optimal size was approximately 9 nm for the highest
363conversion with a good reusability (four runs), while the maximum TOF was achieved
364in the range of 15-20 nm (Megias-Sayago et al., 2018). It was also found that poor
365particle dispersion and a large amount of residual chlorine (from the precursor
366HAuCl,-3H,0) accounted for the low catalytic activity of Au/TiO, catalysts (Cao et al.,
3672016).

3684.1.2 Bimetallic catalysts

369 Synergistic effects of the selected metals in bimetallic catalysts offer the superiority
370over the monometallic catalysts. It was reported that AuPd/MgO catalyst achieved 62%
371glucose conversion in the air (i.e., oxidant), which was higher than that for the

372monometallic Au/MgO and Pd/MgO catalysts (57% and 52.7%, respectively), with

17



373100% GOA selectivity (Miedziak et al., 2014). The increase in conversion could result
374from alloy formation and electronic effect. However, catalyst deactivation after 24-h
375reaction was reported due to GOA inhibition and hydration of the support MgO to
376Mg(OH),, possibly leading to metal agglomeration. Cao et al. (2017) compared TiO,-
377supported AuPd and AuPt catalysts and found the latter was more efficient achieving
37888.9% GOA yield at 100% glucose conversion without base addition. A decrease in
379conversion was observed as the proportion of Au in the catalysts increased after
380calcination or reflux treatment, highlighting the important role of the secondary metals
381(Pd and Pt) in the catalysis. However, specific mechanisms were not unveiled in this
382study. Under the initial basic conditions, for AuPd/TiO.-nanotube catalysts, adding 15
383at% of Au into Pd led to a significant improvement of catalytic activity, though slightly
384lower than monometallic Au/TiO,-nanotube catalyst (Khawaji et al., 2019). In
385comparison, the activity of AuPd/CeO,-nanorod increased with the Au atomic content in
386AuPd and the maximum was significantly higher than that of monometallic Au and Pd
387catalyst, probably because Au could be negatively charged by Pd (Khawaji et al., 2020).
388 Similar to monometallic catalysts (Section 4.1.1), the properties of supports
389contribute to the performance of bimetallic catalysts. By comparing AuPd/TiO,-
390nanotube (Khawaji et al., 2019) and AuPd/CeO,-nanorod (Khawaji et al., 2020), it was
391found that the latter achieved the highest glucose conversion of 100% with 97.7% GOA
392selectivity due to the basicity of CeO, and its ability for oxygen activation. The selected
393catalyst maintained complete conversion (~100%) after four cycles with trivial metal
394leaching, which was significantly superior to the TiO,-NT-supported counterpart.
3954.2 GAA production

396 GAA production from glucose oxidation is one of the bottlenecks in biorefinery
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397because GOA shows low reactivity, which acts as an intermediate in a GAA production
398system (Scheme 1). Jin et al. (2015) prepared PtCu/TiO, and achieved 100% glucose
399conversion in the presence of base but the GAA selectivity (25.4%) was low and
400various by-products were generated in significant quantity. Changing the bimetals to
401PtPd led to a higher GAA selectivity of ~ 40% upon complete conversion (Table 2)
402because the alloyed bimetallic catalyst was effective for facilitating the GUA-to-GAA
403oxidative pathway rather than GUA isomerization to 5-keto-GOA (Jin et al., 2016). It
404was also reported that GAA yield was proportional to the atomic content of Au in
405bimetallic AuPd/TiO,-NT catalyst under alkaline condition, whereas the highest GAA
406selectivity reached 18.5% over monometallic Au/TiO,, with GOA being the major
407product at 73% glucose conversion (Khawaji et al., 2019).

408 Without base addition, Lee et al. (2016) obtained 74% GAA yield using commercial
409Pt/C catalyst, where a higher temperature, Pt loading, and pH value induced undesirable
410degradation of GAA to low-carbon-chain carboxylic acids and unidentified products.
411The alloyed AuPt/ZrO, catalyst prepared by Derrien et al. (2017) achieved a maximal
412GAA Yyield of 50%, which was stable for three runs and was more effective than AuPd/
413710, and AuPt supported on the other materials (e.g., TiO,, CeO,, Al,Os;, and C). It
414should be noted that air was used as the oxidant in this study, which required a higher
415pressure (40 bar) than the use of pure O, (< 15 bar). Shi et al. (2018) reported that the
416alloyed bimetallic PtCu/TiO, exhibited higher selectivity to GAA compared to the
417monometallic Pt catalyst. This phenomenon could be attributed to (i) the change in
418electron density of Pt upon alloying with Cu, which affected the adsorption of glucose
419and products; and (ii) spatial effects of the secondary metal that might moderate C-C

420bond cleavage and suppress CO, generation as side reactions. This system required pure
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4210, atmosphere at a relatively high pressure of 15 bar. Increasing the pressure to 30-45
422bar would result in undesirable overoxidation to CO.. It is noteworthy that these two
423base-free systems produced GAA at the beginning of the reaction. This phenomenon is
424contrary to the observation in a base-assisted system, where the formation of GAA as a
425secondary oxidation product was not observed until the complete consumption of
426glucose (> 4-6 h), implying that glucose strongly interacted with the bimetallic surface
427and exerted an inhibitory effect (Jin et al., 2016). The cross-study comparison in this
428review suggests that such substrate inhibition might be pH-dependent, which deserves
429further investigation.

4304.3 Bifunctional catalysts

431 From the view of industrial application, direct utilization of raw biomass is most
432desirable in comparison to multistep conversions. To achieve this goal, bifunctional
433catalysts can be designed to produce GOA and/or GAA from di-, oligo-, or poly-
434saccharides via consecutive hydrolysis and oxidation. By using Au/TiO, catalyst, which
435showed high performance for glucose oxidation, Guo et al. (2019) converted 25% of
436c¢ellobiose and obtained 16% selectivity towards glucose, but failed to produce GOA. In
437comparison, the bimetallic AuPt/TiO, catalyst prepared by Cao et al. (2017) converted
43873.8% cellobiose and achieved a high GOA yield of 59% in base-free condition,
439demonstrating the potential of bimetallic catalysts in facilitating raw material
440conversion. In-depth characterization of the quantity and distribution of active sites, as
441well as the mechanisms for the tandem reactions, are yet to be revealed in these
442systems. It is also of great interest to examine whether hydrolysis took place via an
443oxidative or acid-catalyzed pathway.

444 Based on the knowledge of solid Brgnsted acids for catalyzing the hydrolysis of
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445disaccharides (Xiong et al., 2018), polysaccharides (Cao et al., 2018), and raw biomass
446waste (Cao et al., 2018), incorporating acid sites on metal catalysts might enable a
447promising tandem hydrolysis-oxidation pathway. The reported bi-functional supported
448metallic catalysts (Table 3) had intrinsic acid sites (e.g., protonated polyoxometalate) or
449acidified surfaces of the support materials. Eblagon et al. (2016) acidified mesoporous
450carbon xerogels and ordered mesoporous carbons via air activation. The carbon xerogel-
451supported Au catalyst achieved 75% cellobiose conversion with ~ 80% GOA
452selectivity. The surface phenolic groups were proposed to facilitate cellobiose
453adsorption and acid hydrolysis. They may also protect the substrates and products from
454degradation and/or overoxidation by regulating the surface hydrophilicity and the
455adsorbed water layer. Larger pores would allow the change in conformation of
456c¢ellobiose to make glycosidic bonds more accessible. Wan et al. (2019) unveiled
457Cs,sHosPW1,04 as the most effective support for loading Au nanoparticles. The catalyst
458achieved 93.6% conversion of cellulose-derived levoglucosan and 93.1% GOA
459selectivity with good recyclability for five cycles, indicating its effectiveness for
460catalyzing the hydrolysis of intramolecular glycosidic linkage and the subsequent
461oxidation. These were mainly attributed to the slow hydrolysis of levoglucosan followed
462by rapid oxidation of produced glucose, thus reducing the side reactions such as
463dehydration and C-C cleavage of glucose. The generated GOA was proposed to serve as
464a Brgnsted acid for autocatalytic hydrolysis. Other acidic supports, including sulfonated
4657Zr0,, phosphated TiO,, and HZSM-5, showed a low selectivity due to the poor
466dispersion of Au particle size and/or the stronger capacity to convert GOA to by-
467products.

468 Amaniampong et al. (2015a) prepared a series of TiO, supported Au-based bimetallic
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469catalysts with various secondary metals (i.e., Cu, Co, Ru, and Pd). While CoAu/TiO,
470and PdAu/TiO, promoted the formation of fructose and glycolic acid via retro-aldol
471reaction, RuAwTiO, and CuAuw/TiO, achieved 86.9% and 88.5% GOA selectivity,
472respectively, at ~100% cellobiose conversion. In particular, RuAu/TiO, catalyzed the
473reactions over a relatively long time (9 h), as Ru-based catalysts were less selective
474towards GOA formation compared to other secondary metals. Because glucose was the
475main intermediate over this catalyst, it was speculated that cellobiose was first
476hydrolyzed by acid sites of support and then RuAu nanoparticles catalyzed the glucose
477oxidation. In comparison, it took less time (3 h) for CuAuw/TiO, to achieve comparable
478conversion as RuAuw/TiO,, suggesting that Cu favoured higher activity due to the charge
479transfer between Cu and Au. Unlike the reaction over RuAuw/TiO,, cellobionic acid was
480the major intermediate over this catalyst, indicating that cellobiose oxidation was the
481first step followed by hydrolysis. It was speculated that the lattice O from the Au-CuO
482matrix could generate vacancies as active sites for the oxidation of glucose unit in
483cellobiose and adsorption sites for molecule oxygen, whereas the Lewis acid sites of
484TiO, may be responsible for the hydrolysis. It was noteworthy that both acidic and basic
485environments significantly lowered the selectivity of CuAuwTiO, catalyst, highlighting
486the potential of green catalysis in a neutral medium. The room for improvement lies in
487recyclability, as the GOA selectivity decreased to 70% after the fourth cycle due to the
488accumulation of by-products (e.g., humins and carboxylic acids) on the catalyst surface.
489 To understand the role of lattice O, CuO nanoleaves (Amaniampong et al., 2015b)
490and porous structured CuO-CeO, nanospheres (Amaniampong et al., 2018) were
491prepared for investigation. The experimental and DFT calculation revealed that lattice O

4920n the CuO surface could activate the formyl C-H bond of glucose and could be inserted
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493into glucose for GOA formation, without consuming the dissolved O, and lattice O in
494CeQ;. The roles of the CeO, were to provide a large surface area and weaken the Cu-O
495bond for promoting the reaction. The hydrolysis-oxidation of cellobiose and cellulose to
496GOA was feasible over both CuO nanoleaves and CuO-CeO, (Table 3) yet via different
497routes. The hydrolytic step over CuO nanoleaves mainly relied on H;O" ions generated
498in the solution phase under hydrothermal conditions, while it was catalyzed by Lewis
499acid sites localized on the catalyst surface in the case of CuO-CeO,. These results
500underscore the potential of CuO as a non-noble metal catalyst for raw biomass
501oxidation. However, a shortcoming appears because of the irreversible consumption of
502lattice O (i.e., the reduction of CuO to Cu), and activation of the spent catalyst may be
503inevitable before the next run.

504 Future research for advancing transition metal-based catalysts may refer to the
505reported homogeneous catalytic systems. Zhang et al. (2017) employed concentrated
506FeCl; solution as a bifunctional catalyst to convert cellobiose or cellulose to GOA (50-
50756% yield). The authors speculated that Fe*" and Cl ions would interact with the
508hydroxyl groups of cellulose, disrupting the inter- and intra-molecular hydrogen
509bonding and facilitating the dissolution of cellulose. It was reported that the use of
510concentrated FeCl; and DES could form a catalytic system for cellulose conversion to
511self-precipitated GOA (up to 52.7% yield) (Liu et al., 2018). Given that Fe is a low-cost
512and naturally abundant transition metal, the immobilization of active Fe species on the
513support material is economically and environmentally benign. An Ir-based
514organometallic homogeneous catalyst, denoted as [Cp*Ir(NHC)] (NHC, N-heterocyclic
515carbene), was also synthesized for the selective glucose oxidation to GOA, which could

516achieve 97% conversion and 100% selectivity in the presence of H,SO, (Borja et al.,
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5172018). The bifunctional system was capable for starch valorization, remarkably
518achieving 50% GOA yield and 30% glucose yield. These findings may inform future
519investigations of green catalyst development in order to minimize the use of acid or base
520and allow for high recyclability.

5214.4 Challenges

522 To achieve clean catalysis, Au-based heterogeneous catalysts show excellent
523performance and stability under base-free conditions, yet the cost of this noble metal is
524a challenging issue. One possible solution relies on the development of non-noble
525metal-based catalysts, such as Cu- and Fe-containing catalysts. Yet attention might be
526paid to the auto-oxidation of the reduced Cu-based catalyst and immobilization of Fe-
527based catalyst. Another possible solution is to develop bimetallic catalysts by
528introducing secondary metals. Despite the limited number of relevant studies,
529compelling evidences suggest the opportunity of bimetallic catalysts for base-free
530oxidation of glucose to GOA. In-depth characterization of the customized alloy and
53linvestigation of the activation pathways should be performed in future research. The
532preparation process needs to be further improved because it is often relatively complex
533when compared to that of monometallic catalysts. Regarding the acidic conditions for
534the hydrolysis, the generation of hydrated protons under hydrothermal conditions,
535functionalization of catalysts, and utilization of materials with intrinsic acidity are all
536potential alternatives.

537 Selective GAA production is another challenge. The investigation in this regard is
538insufficient at present, especially for mechanistic understanding — the prerequisite for
539designing efficient catalysts. The technological breakthrough can be rewarding

540considering the market potential of GAA. Future research is encouraged to avoid harsh
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541reaction conditions, such as high oxidant dosage and long reaction time, which are the
542major limitations of the current technologies. The relationship between substrate
543inhibition effect and pH value needs to be unveiled as well, which is crucial for the
544achievement of green production of GAA.

545 More sustainable glucose oxidation can be achieved by developing metal-free
546catalysts, considering the negative environmental impacts associated with metal
547leaching. It has been reported that N-doped reduced graphene oxide could act as a
548catalyst for glucose oxidation towards the production of organic acids with four carbon
549atoms or less, while the C6 acids, i.e., GOA and GAA, could not be detected (Rizescu et
550al., 2017). These results indicated that the catalyst was capable of C-C bond cleavage in
551addition to glucose oxidation. It would be interesting to study whether tuning the N
552quantity, species, and vacancies on the metal-free carbonaceous catalysts (Wan et al.,
5532020) could achieve the selective oxidation of glucose to GOA or GAA.

554

5555. Emerging oxidation methods

556 Apart from the structural design and functionalization of catalysts (Section 4),
557external energy input (e.g., ultrasound, microwave, and solar energy) is another
558effective approach to enhance the efficiency of glucose oxidation. The latest research
559progress and their mechanisms are reviewed in the following sections as illustrated in
560Fig. 5.

5615.1 Ultrasound-assisted oxidation

562 Ultrasound (20-2000 kHz) is a pressure wave with alternate compressions and
563rarefactions. Cavitation phenomenon (i.e., the formation, growth, and collapse of gas

564microbubbles) generated by high-frequency ultrasonic irradiation (> 1000 kHz) can

25



565result in extremely high temperature (up to 5000 K) and pressure (up to 1000 bar),
566which would induce chemical effects (i.e., free radicals generation) and physical effects
567(e.g., microjets, and micro-convection) (Cintas & Luche, 1999). It has been applied in
568several areas, such as biorefinery intensification (Martinez-Patifio et al., 2019) and
569wastewater treatment (Stucchi et al., 2019).

570 There are only a few investigations on ultrasound-assisted glucose oxidation. A sono-
571Fenton process was reported to yield GOA of up to 97% after low-frequency (20 kHz)
572ultrasonic irradiation for 15 min in the presence of FeSO, and H,0O,, in which the
573generation and activity of radicals could be enhanced by ultrasound (Rinsant et al.,
5742014). The energy consumption could be reduced by approximately four times in this
575system compared with traditional heating. High-frequency (550 kHz) ultrasound was
576also utilized to achieve catalyst-free glucose oxidation, where sufficient radical species
577(e.g., hydroxyl radical (-OH) and hydroperoxy radical (HO')) were generated
578(Amaniampong et al., 2017). While GOA (40% yield) was the major product in Ar
579atmosphere, significant formation of GUA (94% yield) was observed in O
580environment, mainly due to the two-step oxidation of -OH on C6 of ring-form glucose.
581A further study suggested the synergy between high-frequency ultrasound and CuO
582catalysts (Amaniampong et al., 2019). Interestingly, GUA at a maximal yield of 66%
583was produced under Ar atmosphere in this system, possibly due to the hydrogen radical
584(H-) generated under ultrasound irradiation and trapped by the surface lattice O of CuO.
585The reaction time ranged from 2 to 6 h for achieving the maximal yield in these high-
586frequency ultrasound-assisted systems, which were comparable or even superior to
587conventional catalytic systems in terms of power consumption (Table 1 and 2),

588demonstrating the potential in facilitating green glucose oxidation.
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5895.2 Microwave-assisted oxidation

590 Microwave is an electromagnetic wave with a frequency of 0.3-300 GHz, which
591could enhance high-throughput catalysis with potential energy saving (Wei et al., 2020).
5921Its application has been demonstrated in environmental decontamination of organic
593pollutants, such as methyl orange (Cai et al., 2020), 2,4-dichlorophenoxy acetic acid
594(Sun et al., 2020), and bisphenol S (Lv et al., 2019) in wastewater. It can also assist
595biorefineries for value-added chemicals production, including conversion of raw
596biomass to LA (Cao et al., 2019), glucose isomerization to fructose (Yu et al., 2019),
597and dehydration of fructose to HMF (Jia et al., 2019). As for thermal effects, microwave
598irradiation can induce rapid volumetric heating of a microwave absorbent (e.g., water)
599via dipolar polarization and ionic conduction, and facilitate the formation of high-
600temperature hotspots or micro-plasma on catalyst surface (Yu et al.,, 2020b). Non-
601thermal effects have also been proposed, in which microwave may promote the
602generation of free radicals (Sun et al., 2020) and/or interact with substrates and products
603(Yu et al., 2020c).

604 As shown in Table 4, in the presence of H,O, as oxidant and Au-based catalysts, high
605conversion and selectivity can be achieved within a very short reaction time of 10 min,
606which is more favourable compared to the long reaction time (up to dozens of hours) in
607conventional heating (Table 1 and 2). Al,Os;, CeO,, and TiO, were compared as the
608catalyst support for microwave-assisted glucose oxidation in basic conditions (Omri et
609al., 2016). The Au/Al,Os achieved the highest conversion (> 99%) and the highest
610selectivity to GOA (96%), which can be ascribed to the efficient formation of HO- and
611HO,- via H,O, decomposition on the catalyst surface. Its activity can be maintained for

612five cycles without significant metal leaching or changes in particle size and crystalline
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613phase of the support. This system was also evaluated in oxidization of other
614monosaccharides, disaccharides, and GOA, which generally achieved a high conversion
6150f 71-100% in the presence of NaOH or K,COs except for methylglucoside and
616trehalose with zero conversion. It was noted that 31% of GAA selectivity was obtained
617over Au/TiO, despite the low glucose conversion, indicating its potential for GAA
618production. As the studied supports, i.e., ALO; CeO,, and TiO,, were microwave-
619transparent or showed low ability in microwave absorption, it would be interesting to
620compare their performance with microwave-absorbing materials (e.g., mesoporous
621carbon, biochar) to explore possible hotspot effects in future studies.

622 As for base-free glucose oxidation, Rautiainen et al. (2016) prepared Au/Al,Oz with a
623higher metal loading (1.8% Au) and selected a higher reaction temperature (120 °C),
624compared to the base-assisted system reported by Omri et al. (2016) (0.46% Au, 60 °C)
625(Table 4). The catalytic activity was stable over four cycles, despite the observed metal
626sintering after two runs. Metal leaching and organic adsorption were marginal. The
627strong capacities of aqueous glucose solution to absorb and convert microwave to
628thermal energy resulted in uniform and rapid heating. The Al,O; support with limited
629microwave absorption could have prevented overheating, thus promoting the selective
630GOA production. Both MgAL,O, and Al,O; supports showed low rates of H,O,
631decomposition, while a significantly higher rate could be reached after Au loading. As
632for non-noble metal, Khallouk et al. (2020) reported that Zn3V,Os could catalyze the
633oxidization of glucose in the presence of H.O, under microwave irradiation, but the
634product profile was complicated including ten different acids and HMF. Neither GOA
635nor GAA was obtained, while the highest selectivity towards galacturonic acid resulted

636from GUA isomerization, which may be related to the acid site amount, hydrophilicity
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6370f reactant, and microwave effect.

638 While these studies have evidenced high-performance microwave-assisted glucose
6390xidation, more investigations are required to reveal the microwave-involved catalytic
640mechanisms, especially in the presence of external oxidants. Scavenging experiments
641and electron spin resonance (ESR) are recommended for identifying the generation of
642free radicals and the DFT method can be adopted for theoretical modelling.

6435.3 Photo-catalytic oxidation

644 Solar irradiation is a clean energy to drive photocatalysis, which attracts increasing
645attention due to its effectiveness, economic efficiency, low infrastructure requirement,
646and environmental friendliness (Chong et al., 2010). Photocatalyst (i.e., semiconductor)
647can absorb light energy and generate electron-hole pairs via photoexcitation of electrons
648across the bandgap (i.e., between the high-energy conduction band and the low-energy
649valence band), followed by redox reactions with the surface-adsorbed species on the
650catalyst. Photocatalytic wastewater treatment has proven efficacy in removing organics
651such as methyl orange (Yang et al., 2019), organophosphorus flame retardant (Hu et al.,
6522019), and antipyrine (Monteagudo et al., 2019). It has also been introduced in
653biorefineries for cellulose depolymerization (Zhang et al., 2018), HMF oxidation
654(Krivtsov et al., 2017), lignin depolymerization (Liu et al., 2020a), etc.

655 As for glucose oxidation, Colmenares et al. (2011) achieved 71.3% total selectivity to
656GAA, GOA, and arabitol under mild conditions (30 °C and atmospheric pressure) using
657TiO, as the photocatalyst (Table 5), yet the corresponding conversion was low (11.0%).
6581t was noteworthy that acetonitrile addition could lower the affinity of reactants for TiO,
659surface to avoid overoxidation. Payormhorm et al. (2017) prepared powdered TiO, by

660using cetyltrimethylammonium bromide (CTAB, surfactant), achieving a higher glucose
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661conversion of 69.5%. The problem was that the product profile was complicated, where
662arabinose and formic acid were the main products (yields above 25%) and the yields of
663GOA and xylitol were less than 10%.

664 Given the limited catalytic performance of sole TiO,, various metal and metal oxide
665photocatalysts were prepared for more selective GOA/GAA production (Table 5). The
666AU/TiO, appeared as a potential photocatalyst because Au nanoparticle owns visible-
667light-responding characteristics, including surface plasmon resonance (SPR) effect and
668energetic/hot electrons generation under visible light (Zhou et al., 2017). In addition, Au
669nanoparticles would not induce the formation of non-selective radicals (e.g., ‘OH and
670singlet oxygen ('O;)) that could lead to overoxidation. The Au/TiO, catalyst achieved
671complete glucose conversion with 94-99% GOA selectivity under both UV and visible
672light irradiation in the presence of Na,COs. It was proposed that Au nanoparticles
673enhanced the bandgap photoexcitation of TiO, together with the SPR effect, and the
674Na,COs addition inhibited the formation of non-selective -‘OH and 'O, radicals. The
675catalyst showed relatively high reusability with unchanged selectivity and a slight
676decrease (~10%) in conversion after the fourth run.

677 With H,O, addition, Omri et al. (2018) evaluated the performance of different metal
678oxides (i.e., TiO,, CeO,, and Al,Os) as the support for Au nanoparticles (Table 5). The
679use of Au/CeO, achieved > 99% glucose conversion and > 95% GOA selectivity, which
680outperformed Au/TiO, (49% conversion, < 81% selectivity) although these two supports
681have similar bandgap values. It was speculated that CeO, could improve the Au
682photocatalytic ability by increasing its light absorption via strengthening the localized
683SPR effect and promoting charge separation in Au with a reduced recombination rate.

684The oxygen vacancies of CeO, favoured the Au dispersion and stability as well. For the
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6850xidization of di- and oligo-saccharides, Au/CeO, achieved 100% conversion and >
68695% selectivity towards the corresponding primary oxidation products without
687hydrolytic cleavage, similar to a previous study (Omri et al., 2016). Despite the
688decreased TOF after five cycles, the conversion and selectivity remained high,
689indicating excellent reusability of this catalyst. The use of O, as the oxidant was also
690studied for Au/CeO,-photocatalyzed glucose oxidation (Golonu et al., 2020). The
691reaction may be driven by the thermal effect induced by near-infrared radiation, instead
6920f UV-promoted excitation of CeO, or visible photon-activated SPR effect of Au
693nanoparticles. It should be noted that alkaline (NaOH or Na,CO3) was employed in
694these studies (Table 5).

695 Several hybrid metallothioporphyrazine (MPz)-based photocatalysts were proposed
696to oxidize glucose without the use of the base, where MPzs could activate O, under
697visible light and show good photocatalytic activity. Cheng et al. (2019) achieved up to
69875% conversion of glucose by using ZnO/CoPzSs composite under simulated sunlight,
699but the selectivity to GOA and GAA were low (< 15%) and the main products were
700arabinose and formic acid (20-50%). Zhang et al. (2019) then used SnO./FePz(SBu)s
701composite and accomplished 32.9% of GOA selectivity and 34.2% of glucose
702conversion at maximum. Yin et al. (2020) reported that relatively high selectivity
703(63.5% GOA and 16.9% GAA) was achieved over TiO./phosphotungstic acid
704(HPW)/CoPz composite, yet the glucose conversion remained low (22.2%). Recently,
705Zhang et al. (2020) prepared a graphite-like carbon nitride (g-C3;N4)/CoPz composite,
706achieving a higher conversion of 52.1% and similar selectivity compared to those
707previously reported (Yin et al., 2020). In these studies, four active species, i.e., ‘OH,

708'0,, superoxide radical (-O>), and hole (h*), were identified. It was inferred that the
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709decrease in -OH formation could improve the selectivity, while 'O, and -Oy, especially
710the former, were considered as the main active species for GOA generation.
711Nevertheless, the role of 'O, is debatable because it has been considered as a non-
712selective radical (Zhou et al., 2017). The incorporation of MPzs to the photocatalysts
713could promote the formation of active sites and the glucose adsorption, therefore
714accelerating the glucose oxidation. HPW could also facilitate the desorption of produced
715acids and prevent them from overoxidation. Compared to the Au-containing
716photocatalytic systems that required basic conditions, the MPz-based photocatalytic
717systems enabled the use of water only as the solvent (Table 5), presenting a greener
718practice that deserves further investigation to achieve higher glucose conversion.

7195.4 Challenges

720 These emerging technologies, i.e., ultrasound-assisted oxidation, microwave-assisted
721oxidation, and photocatalytic oxidation, extend the potential for the development of
722cleaner glucose oxidation because the catalytic reaction can be enhanced by additional
723or clean energy inputs mainly via the generation of free radical species, thus decreasing
724the necessity of base environment. The current progress is insufficient and several
725challenges are yet to be addressed. The use of ultrasound is promising as it presents the
726possibility of a catalyst-free system, yet the yields of several target products cannot be
727fine-tuned. Operational parameters should be further studied. The use of microwave is
728considered a high-efficiency alternative to conventional heating, but the mechanism of
729catalytic oxidation is not revealed, such as the roles of support material regarding its
730capacity of microwave absorption, which is critical for the design of functionalized
731catalyst. Diverse supports with varying microwave absorbability should be compared.

732As for photocatalytic oxidation, low yields were often obtained under the green base-
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733free conditions, despite the contribution of the solar-driven free radicals. Increasing the
734yield of the target products is the major challenge, which may be addressed by adding
735green oxidants and changing operating conditions. Scavenger experiments and ESR
736would facilitate the investigation of free radical species in the concerned reactions, as
737their roles in controlling the selectivity are still in debate.

738 Research progress has recently been made in the electrocatalytic oxidation of glucose.
739Various composite electrodes, such as graphene/Ni-Fe LDH (Eshghi & Kheirmand,
7402017), Pd;Cu-B/C (Chai et al., 2019), PdAu/C (Rafaideen et al., 2019), and Bi-Co-S
741(Yu et al., 2020a), were prepared to selectively oxidize glucose to GOA and GAA,
742together with hydrogen under some circumstances (Liu et al., 2020b). However, strong
743alkali solutions (NaOH and KOH) were necessary as the electrolyte in these studies.
744Considering the strict requirement of complex equipment setups and harsh operating
745conditions in the electrocatalysis, other emerging methods discussed above are
746considered more mature to realize the green and sustainable glucose oxidation in field
747applications.

748

7496. Industrial implications and future perspectives

750 To achieve sustainable glucose oxidation, heterogeneous catalysts showcase a great
751potential in terms of good recyclability and less pollution, compared to homogeneous
752chemical oxidation and biochemical oxidation. Because the use of basic solutions was
753reported as the critical requirement over a considerable quantity of catalysts, it is more
754desirable to develop high-efficiency heterogeneous catalysts under base-free conditions
755for avoiding the issues of wastewater, corrosion, and safety. Based on the latest progress

7560f catalyst development, Au-based catalyst is the mainstream that can meet this
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757requirement. Given that earth-abundant metals in homogeneous form have demonstrated
758catalytic activity, research could be performed to immobilize them on the support
759materials for high recyclability and cost reduction. Future studies may pay more
760attention to the rational design of catalytic systems for GAA production via controllable
761and selective secondary oxidation. From the view of industrial application, it is more
762applicable to tailor bifunctional catalysts for one-pot conversion of raw biomass
763especially for urban biomass wastes, e.g., food waste and yard waste. Another potential
764direction is to make use of emerging oxidation methods enhanced by ultrasound,
765microwave, or solar energy. The mechanisms of these emerging methods are speculated
766to involve highly active species (hotspots and/or free radicals) resulting from
767electromagnetic or acoustic excitation, which should be evidenced in detail by future
768experimental and computational studies. To date, the economic and environmental
769superiorities of these emerging systems have not been fully demonstrated, considering
770the low conversion/selectivity and the need for bases and noble metal catalysts.

771 It is noteworthy that continuous reactions are preferred in the industry for mass
772production. The design of the catalytic reactor and process flow with proper separation
773and recycling should be investigated before practical scaled-up applications, where the
774utilization of sustainable heterogeneous catalysts and the base-free solution system
775highlighted in this review can simplify the catalytic conversion and wastewater
776treatment processes, which help reduce the environmental pollution and achieve the
777green and sustainable production. In addition, different from the conventional reaction,
778emerging methods would require additional supporting devices of energy inputs, which
779may need a reliable support by renewable energy sources.

780
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7817. Conclusions

782 Recent advances in structural design and functionalization of heterogeneous catalysts
783(monometallic, bimetallic, and bifunctional catalysts) and emerging energy sources
784(ultrasound, microwave, and solar energy) for glucose oxidation are critically reviewed.
785The focal points of this review capitalized on the production of GOA and GAA as the
786primary value-added chemicals. The key conclusions are summarized as follows.

787 (1) GOA and GAA are of great economic value but the conventional production

788 processes are limited by low efficiency and environmental pollution. It is
789 important to develop novel and clean technologies for their production via
790 heterogeneous catalytic oxidation.

791 (2) As the addition of base is the major issue against their clean production, Au-based

792 catalysts with science-informed design are proposed as high-efficiency and stable
793 catalysts under the base-free conditions, yet the material cost currently limits its
794 application. Possible solutions include developing non-noble metal-based
795 catalysts and introducing secondary metals on Au-based catalysts. The hurdles at
796 present are the regeneration of catalyst, immobilization of metals, and catalytic
797 mechanisms of bimetal catalysts, which should be investigated in future research.

798 (3) The development of catalytic systems for GAA production is another critical

799 issue to be addressed, considering its high value, less availability, and limited
800 investigation compared to GOA. Future attention should be paid to the
801 prerequisite mechanistic investigation, high-efficiency catalyst design, and
802 solution environment adjustment.

803 (4) Bifunctional catalysts are preferred from the view of industrial application, in

804 which one-pot conversion of raw biomass can be achieved via hydrolysis and
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805 oxidation. The introduction of acidic sites/species into the catalytic systems can
806 be proposed for future investigation.

807 (5) Emerging methods also show a great potential because the oxidation can be

808 enhanced by the application of additional energy sources (ultrasound, microwave,
809 and solar energy), of which detailed mechanisms and high-performance catalysts
810 are worth to be studied.
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1162 Table 1 GOA production under base-free glucose oxidation

Operating conditions Catalytic efficiency
Initial Molar ratio of
entry Catalyst ? and glucose ! Oxidant and Temperature  Time/ 1 Conver Selecti Yield/ Ref.
. glucose to o pH TOF/s . .
dosage concentrati loading metal dosage /°C h sion/%  vity/% %
on/mol L1 8
0.
o) ’
1 0.5%Au/nCe0z, ) 167 140 p(0;)=2.3 65 2 NC — 74 95 703+ (Wangetal,
NA b 2014)
ar
0.
(o) ’
2 0.6%Au/MCe0z, ) 167 140 p(0,)=2.3 65 2 NC — 76 96 730+ (Wangetal,
_ 2014)
bar
02I
0 -
3 O94%AUCMKS3, ) 1000 p(0,)=0.3 110 2 NC 4.92 9 24 875  809* (Qietal,2015)
1.98 mg mL MPa
0.97%Au/N-C-3, 0., . (Meng et al.,
4 1.67 mg mL" 0.037 437 p(0,)=2 bar 100 2 NC — 98.76 98.8 97.62 2020)
0 -
1%Au/MCM41 dissolved O, 7.4 (Ortega-Liebana
5 NHz, 0.15 — 6-8 ma/L 37 0.75 e — 85 100 85.0 * et al., 2020)
0.025 mg mL™* 9 N
1.57%Au/HAP, 0., Room £ .
6 4mgmL" 0.15 — 30 mL min™ temperature NC 1.24 100 90.9 90.9 (Liu et al., 2016)
0.
0, _ ’
7 0.2%AWHAP-LDH, ¢ 1000 p(0,)=0.5 110 2 NC 5.62 989 997  o9ggx (ZLhugeetal,
— 2019)
MPa
0.5%Au/TiO, ", 0., h *
8 3.6 mg mL-2 0.1 — p(0,)=1 MPa 110 2 NC 0.53 92 95 87.4 (Guo et al., 2019)
0. ]
2%Au/AC ¢, o 4 ~ 70 ~ 70~  (Megias-Sayago
9 . 0.2 100 IE)/I(POaz)—O.l 40 18 NC 15)x 107 80 100 80 * etal., 2018)
1%AU1%Pt/Ti02, Oz, %
10 2.5 mg g_l 0.056 — P(O,)=3 bar 160 1 NC 0.030 100 88.9 88.9 (Cao et al., 2017)
0.5%AuPd/MgO ¢, air, .  (Miedziak et al.,
1 12 mg mL* 0.5 T atmosphere >0 24 NG B 62 100 62 2014)
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1163a: metal loading is weight ratio; b: reduced by 5 v% hydrogen gas at 150 °C; c: Au particle size range of 4 ~ 23 nm; d: heat-treated sequentially by air and nitrogen; e:
1164maintained by sodium acetate/acetic acid buffer solution; f: 0.075 mol L Na,CO; added initially, and product was sodium gluconate; g: calculated by the conversion at
11655 min; h: calculated by the conversion at 15 min

1166 TOF: turnover frequency; HAP: hydroxyapatite; LDH: layered double hydroxide; AC: activated carbon; NC: not controlled; — : not available or not applicable; *
1167calculated based on equation: yield (%) = conversion (%) X selectivity (%) /100

1168
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1169 Table 2 Selected GAA production from glucose catalytic oxidation
Operating conditions Catalytic efficiency Ref.
Initial Molar ratio of
entry Catalyst ® and glucose ! Oxidant and Tempera Time/ pH and 1 Conver  Selectiv  Yield/
. glucose to . TOF/s ; .
dosage concentrati loading metal dosage ture/°C h reagent sion/%  ity/% %
on/mol L* &
1%Pt1%Pd/TiO,, 0., 11.5°, " .
1 2 mg mL? 0.167 — 60 mL mint 45 24 NaOH 0.668 100 41.2 41.2 (Jin et al., 2016)
021
0,
2 S%PUC, 0.555 54 p(0,)=13.8 80 10 NC — 99 74 74 (Lee et al., 2016)
40 mg mL bar
3.5%Au3.45%Pt/ air
3 ZrOy, 0.25 80 o 100 4 NC 0.984 100 50 * 50 (Derrien et al., 2017)
_ p(air)=40 bar
4.13%Pt1.70%Cu/TiO2 Oz,
4 ) 1 > 0.278 — p(0z)=15 90 12 NC — 92 60 55.2 * (Shi et al., 2018)
20 mg mL b
ar
1170a: metal loading is weight ratio; b: initial pH and not controlled during reaction
1171TOF: turnover frequency; NC: not controlled; — : not available or not applicable; * calculated based on equation: yield (%) = conversion (%) % selectivity (%) /100
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1173

Table 3 Oxidation of disaccharides and polysaccharides

entry

10

Operating conditions

Catalytic efficiency

Catalyst ® and dosage

1%AuU-1%Pt/TiO,,
2.5mgg?

1%Au/CX ®,

2 mg mL?
0.96%Au/
Cs25H05PW12040,

7.5 mg mL*
0.94%Au/nano-Zr0O,-
S0.%,

7.5 mg mL*?

0.95%Au/TiO,-PO,*,
7.5 mg mL*?

1.0%AwWHZSM-5
7.5 mg mL™!

0.5%Cu0.5%Au/TiO3,
5 mg mL*?

CuO ¢ nanoleaves,
2.5 mg mL?

CuO nanoleaves,

Cu0-Ce0,*
nanospheres,
25 wt%

Raw material
and loading
Cellobiose,
10 mg g*
Cellobiose,
12 mmol L!

Levoglucosan,
12.5 mg mL™*

Levoglucosan,
12.5 mg mL™*

Levoglucosan,
12.5 mg mL™"

Levoglucosan,
12.5 mg mL™*

Cellobiose,

0.03 mmol mL™*
Cellobiose,

0.03 mmol mL™*!
Cellulose,

Cellobiose,
13.7 mg mL™*

Oxidant and
dosage

0.,

P(O,)=3 bar
O,

P(O,)=5 bar
O,
P(0,)=0.5
MPa

0.,
P(0,)=0.5
MPa

0.,
P(Oz)=05
MPa

0.,
P(0,)=0.5
MPa

0.,

P(O;)=1 MPa

e

Temper
ature/°C

150

145

145

145

145

145

145
200

200

160

Time/ pH and
h reagent
3 NC
1.25 NC
3 NC
3 NC
3 NC
3 NC
3 NC
0.5 NC
3 NC
3 NC

Conver Selectivity/% Yield/%
sion/% GOA glucose GOA  glucose
73.8 80.0 * — 59.0 —
~75 79.8 — ~ 60 —
93.6 93.1 0 87.1 0*
94.6 31.2 9.4 295* 89*
99.5 46.8 12.4 466 * 123 *
41.1 25.0 71.5 10.3* 29.4*
100 88.5 11.5 88.5* 11.5*
100 71.7 * — 71.7 —
96.8 61.0 * — 59.0 —

68 ~50* — ~51 —

Ref.

(Cao et al., 2017)

(Eblagon et al., 2016)

(Wan et al., 2019)

(Wan et al., 2019)

(Wan et al., 2019)

(Wan et al., 2019)

(Amaniampong et al.,
2015a)
(Amaniampong et al.,
2015b)
(Amaniampong et al.,
2015b)

(Amaniampong et al.,
2018)

1174a: metal loading is weight ratio; b: CX (carbon xerogel) prepared with pH=5.6 and activated by air (O,), and Au/CX reduced by modified citric method; c: after one

1175reaction cycle, regenerated by reoxidation under oxygen flow; d: molar ratio = 1:1; e: purged with N>

1176 TOF: turnover frequency; NC: not controlled; — : not available or not applicable; * calculated based on equation: yield (%) = conversion (%) X selectivity (%) /100
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1178 Table 4 Microwave-assisted catalytic oxidation of glucose

Operating conditions Catalytic efficiency
Initial Molar ratio of ie
entry Catalyst ® and glucose lucose tcl) Oxidant and Tempera Time/ pH and TOF/h™  Conversion Selectivi é/ e Ref.
dosage concentrati lgoa dine metal dosage ture/°C min reagent ! 1% ty 9% .
on/mg mL? & °
0.46%Au/Al,05°, H20., -5 :
1 0.5 mg mL™ 50 — 3 equiv. 60 10 NaOH 312000 >99 96 95.0 (Omri et al., 2016)
0.54%Au/Ce0,°, H.0., -5 :
2 0.5 mg mL> 50 — 3 equiv. 60 10 NaOH 438000 92 93 85.6  (Omri et al., 2016)
0.73%Au/TiO,®, H.0., -5 :
3 0.5 mg mL" 50 — 3 equiv. 60 10 NaOH 75000 46 69 31.7  (Omri et al., 2016)
2.3%Au/MgAl; Oy, H,0,, (Rautiainen et al.,
4 1.2 mg mL* 22 870 2.2 equiv. 120 10 NC 10400 54 93 50.2 2016)
1.8%Au/Al,Os, H.0,, (Rautiainen et al.,
5 1.2 mg mL* 22 1110 2.2 equiv. 120 10 NC 12900 83 87 72.2 2016)
1179a: metal loading is weight ratio; b: metal loading detected by ICP-OES; c: 1 equiv. NaOH added initially; d: selectivity to GOA; e: yield of GOA
1180TOF: turnover frequency; NC: not controlled; — : not available or not applicable; * calculated based on equation: yield (%) = conversion (%) x selectivity (%) /100

1181
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1182

Table 5 Photocatalytic oxidation of glucose

Operating conditions

Catalytic efficiency

entry a Initial glucose ) Oxidant and Temperature Time/  pH and 1 Conver Selecti Yield %  Ref.
Catalyst * and dosage concentration Light source dosage /°C min reagent TOF/h sion/%  Vity /% %
TiO, °, 2.8 mmol mercury lamp (Amax = i (Colmenares
1 1g Lt L-Ld 365 nm), 125W atmosphere 30 10 NC — 11.0 71.3 7.8 * etal, 2011)
TiO; ¢, 14 mercury lamp (Amax = . N (Payormhorm
2 1gL? 1ol 365 nm), 400W - - 30 NC - 69:5 8.6~ 6 etal,, 2017)
3%Au/TiO,, 100 mmol UV light (A=350-400 - (Zhou et al.,
3 25 mg mL? L? nm), 0.3 W cm™2 o 30 240 Na,COs o > 99 9497 94 2017)
3%Au/TiO,, 100 mmol  Visible light (A=350-400 -1 N (Zhou et al.,
4 25 mg mL? L nm), 0.3 W cm™2 o 30 240 Na,COs o > 99 1000 99 2017)
. Standard photovoltaic air .
0.68%Au/TiO., a1 e H.0,, Room —9, (Omri et al.,
5 0.5 mg mL" 50 mg mL mass 1.5G_2cond|t|ons 1.1 equiv. temperature 10 NaOH — 49 <81 <39.7 * 2018)
(0.1 Wcm™?)
Standard photovoltaic air .
0.40%Au/Al,Os, A o H,0,, Room —9, (Omri et al.,
6 0.5 mg mL™ 50 mg mL mass 1.SG_§:ond|t|ons 1.1 equiv. temperature 10 NaOH — 69 >95 > 65.6 * 2018)
(0.1 Wcm™?)
Standard photovoltaic air .
0.50%Au/Ce0,, 1 e H.0,, Room —9, h (Omri et al.,
7 0.5 mg mL™ 50 mg mL mass 1.5G_2cond|t|ons 1.1 equiv. temperature 10 NaOH 752380 >99 >95 >94.1* 2018)
(0.1 Wcm™?)
Standard photovoltaic air 0O
0, ’ —9
8 éé {;Au/nff.(l)z' 50 mg mL* mass 1.5G conditions atmospher NC® 270 NaOH — 96 94 90.2 * g%%(;nu etal,
> Mg (0.1 Wcm™3) e
Zn0O/CoPzSs(0.5%), 1 Simulated sunlight, air, Room . N (Cheng et al.,
9 0.4 mg mL* 8 mmol L 1.5Wcm™ 20 mL min™ temperature 300 Ne o & 10 75 2019)
Sn0O,/ . . .
o 1 Simulated sunlight, air, Room (Zhang et al.,
10 I(:)eéllazrr(mSgB#q)lf'(lOi %), 1 mmol L 2 W em? 400 mL min"  temperature 180 NC — 34.2 32.9 11.3 * 2019)
TiO2/HPW(29%)/ . . .
11 CoPz(1%), 5 mmol Lt Simulated sunlight, ambientair  Room 180  NC — 22.2 63.5 141  (Yinetal,
1 mg mL™ 1.70 W cm temperature 2020)
g-CsN4/CoPz(0.5%), 1 Simulated sunlight, H,0., Room o . N (Zhang et al.,
12 0.67 mg mL™ 1 mmol L 2 W cm™ 30%, 30 uL  temperature NC b21 60 31.3% 2020)

1183a: loading is weight ratio; b: prepared under ultrasound; c: powders prepared under ultrasound with assistance of CTAB; d:
1184acetonitrile (10/90, v/v); e: increased to ~ 39 °C; f: 0.1 mol L' Na,CO; added initially; g: 1 equiv. NaOH added initially; h:
1185selectivity to GOA; j: total selectivity to GAA, GOA, and arabitol; k: yield of GOA
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solvent was mixture of Milli-Q water and
calculated by the conversion at 15 min; i:



1186TOF: turnover frequency; Pz: thioporphyrazine; HPW: phosphotungstic acid; NC: not controlled; — : not available or not applicable; * calculated based on equation:
1187yield (%) = conversion (%) x selectivity (%) /100

1188
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1189 Table 6 Strengths and limitations (denoted by the symbols v and X, respectively) of existing catalytic technologies for glucose oxidation

1190

1191
1192

1193

1194

to GOA/GAA.
Catalyst
Method Monometal Bimetal Bifunction/composite
. High selectivity v H?gh selectivity \/ Direct con\{ersion of
Conventional High di- and polysaccharides
. X Pressured oxygen .
heating required temperature or long X High temperature
time required required
v Adjustable selectivity
Ultrasound j High yleld' — —
Power saving
X Atmosphere required
v High efficiency
Microwave X Relatively strong — —

oxidant required
v" High conversion and v" No base required

Photochemistry selectivity — X Low conversion and
X Base required complex product profile

v Good selectivity
Electrochemistr v Simultaneous production of H,
y X Strict requirement of complex set-ups
X Strong base required

— : not reported in the literature to the best of our knowledge
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