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Abstract 1 

Efficient conversion of biomass waste to value-added products necessitates the development 2 

of high-performance heterogeneous catalysts. This study evaluated the use of Al2O3 as a low-cost 3 

and abundant support material for fabricating Lewis acid catalysts, i.e., through the in-situ doping 4 

of Cu, Ni, Co, and Zr into Al2O3 followed by calcination. The characterisation results show that 5 

all catalysts were mainly amorphous. In particular, adding the transition metals to the Al2O3 matrix 6 

led to increased acidity and meso-/micro-pores. The catalysts were evaluated in the conversion of 7 

glucose, which can be easily derived from starch-rich food waste (e.g., bread waste) via hydrolysis, 8 

to fructose. The results indicate that the Ni-doped Al2O3 (Al-Ni-C) achieved the highest fructose 9 

yield (19 mol%) and selectivity (59 mol%) under heating at 170 oC for 20 min, of which the 10 

performance falls into the range reported in literature. In contrast, the Zr-doped Al2O3 (Al-Zr-C) 11 

presented the lowest fructose selectivity despite the highest glucose conversion, meaning that the 12 

catalyst was relatively active towards the side reactions of glucose and/or intermediates. The 13 

porosity and acidity, modified via metal impregnation, were deduced as the determinants of the 14 

catalytic performance. It is noteworthy that the importance of these parameters may vary in a 15 

relative sense and the limiting factor could shift from one parameter to another. Therefore, 16 

evaluating physicochemical properties as a whole, instead of the unilateral improvement of a single 17 

parameter, is encouraged to leverage each functionality for cost-effectiveness.  This study provides 18 

insight into the structure-performance relationships to promote advance in catalyst design serving 19 

a sustainable food waste biorefinery.   20 
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1 Introduction 21 

The massive generation of food waste has exerted considerable environmental burdens on 22 

modern societies, drawing attentions from the scientific communities who urge for timely actions 23 

to cut food loss (Zu Ermgassen et al., 2016). Food waste containing carbohydrates such as starch, 24 

cellulose, and sugars are renewable precursors of various value-added products, which can 25 

potentially replace the conventional petroleum derivatives (Yu et al., 2017). Such a biorefinery of 26 

food waste provides a platform to achieve sustainable waste management as well as circular 27 

bioeconomy (Mohan et al., 2016). As for the biorefinery technologies, although enzymatic 28 

processing is more mature in the market, thermochemical conversion methods present advantages 29 

in terms of rapid reaction and recyclable materials with potentially low cost. However, the latter 30 

is facing the scale-up challenge due to the lack of cost-effective and green catalysis without 31 

compromising the product yields and selectivity. 32 

Lewis acid catalysis is an important process in biorefineries, such as isomerisation of 33 

glucose to fructose and catalytic hydrogen transfer in γ-valerolactone synthesis (Dutta et al., 2019; 34 

Yu et al., 2019c). Recent studies have reported the development of advanced Lewis acids 35 

supported on carbonaceous materials, e.g., biochar (Yu et al., 2019c) and graphite/graphene oxide 36 

(Yu et al., 2019b); as well as mineral-containing materials, e.g., metal–organic framework (MOF) 37 

(Guo et al., 2018) and zeolite (Cho et al., 2019). Although the inorganic materials in general show 38 

higher durability and recyclability than the hydrothermally susceptible carbon-based catalysts (Yu 39 

et al., 2019c), production of the former can be costly impeding their field-scale applications. In 40 

addition, reported catalysis was often performed in the presence of organic solvents or ionic liquids 41 

as the reaction medium to improve reaction rate and product selectivity. Controversy is thus raised 42 

over the use of non-aqueous solvents, which could be expensive and/or harmful to the environment.  43 

https://creativecommons.org/licenses/by-nc-nd/4.0
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In consideration of material costs (Bagnato et al., 2019; Dash, 2019; DeSantis et al., 2017; 44 

Hong et al., 2017) (Table 1), this study focuses on the use of alumina (Al2O3), an economical 45 

option with a high potential of scale-up, for the synthesis of Lewis acid catalysts, of which the 46 

catalytic performances were evaluated in glucose-fructose isomerisation. Alumina-supported acid 47 

and bases catalysts have been demonstrated in esterification and transesterification reactions for 48 

biodiesel production (Chen et al., 2017; Xiong et al., 2017), yet are not commonly applied in other 49 

biorefineries. A previous study reported a lower glucose conversion over γ-Al2O3 that was rich in 50 

Lewis acid sites, compared to that over the solid base and bifunctional catalysts (8 vs. 15-68% 51 

conversion), at the reaction temperature of 100 oC (Marianou et al., 2016). At a higher temperature 52 

of 160 oC, 30% glucose conversion with 59% fructose selectivity can be obtained using boehmite 53 

(γ-AlO(OH)) as the catalyst (Takagaki et al., 2014). However, such a performance cannot secure 54 

the competitiveness of alumina-supported catalysts as alternative heterogeneous catalysts can 55 

better achieve, such as 20-59% fructose yield and 34-76% glucose conversion over functionalised 56 

MOFs (Guo et al., 2018). Science-informed advances are therefore needed. 57 

 Catalytic activity is closely related to the physicochemical properties of catalysts, which 58 

can be thermochemically modified. The addition of Cu was suggested to increase the surface 59 

acidity of γ-Al2O3 and mitigate its hydrophobicity, of which the significance was examined in 60 

methanol dehydration reaction (Osman et al., 2017). In this study, we hypothesize that metal 61 

incorporation into Al2O3 can also be beneficial in the context of Lewis acid-catalysed isomerisation. 62 

The resulting performance depends on a range of parameters, including the choice of metal 63 

precursors of which the properties (e.g., valencies and ionic sizes) may determine their interactions 64 

with Al2O3. Furthermore, the incorporated metals may not only modify a surface but also act as 65 

new active sites. Transition metals can behave as Lewis acids in their ionic forms when dissolved 66 

https://creativecommons.org/licenses/by-nc-nd/4.0
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in water (e.g., Al3+, Zr4+) yet may transform into new substances with characteristic changes after 67 

loading on a support, which should be investigated for better understanding.  68 

This study compared the characteristics of Al2O3 catalysts loaded with Cu, Ni, Co, and Zr, 69 

and evaluated their significance in the catalytic isomerisation of glucose to fructose for the first 70 

time. In practice, glucose-rich stream can be produced from starch-containing substrates such as 71 

bread waste via acid hydrolysis (Cao et al., 2018). This study selected water as the reaction medium 72 

which is the greenest solvent to minimise harm to the environment. We highlight the structure-73 

performance relationships to elucidate the roles of transition metal incorporation, promoting future 74 

designs of high-performance alumina-based materials serving Lewis acid catalysis in sustainable 75 

biorefineries. 76 

2 Materials and methods 77 

2.1 Chemicals 78 

Aluminium (III) nitrate nonahydrate (≥98 %), ammonium carbonate (99.9%), nickel (II) nitrate 79 

hexahydrate (≥98 %), copper (II) nitrate hemi(pentahydrate) (≥98 %), cobalt (II) nitrate 80 

hexahydrate (≥97.7 %), zirconium (IV) chloride (≥99.5 %), and acetone (≥99.5 %) were purchased 81 

from Alfa Aesar. Glucose (≥99.5%) from Sigma Aldrich was used as a substrate for catalytic 82 

reaction. Model compounds used in instrumental calibration are cellobiose (≥98%), levulinic acid 83 

(98%), and formic acid (98%) from Alfa Aesar; fructose (≥ 99%) and maltose monohydrate (≥98%) 84 

from Wako; HMF (≥99%) and furfural (99%) from Sigma Aldrich; and levoglucosan from 85 

Fluorochem. All chemicals were used as received. 86 

https://creativecommons.org/licenses/by-nc-nd/4.0
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2.2 Synthesis of alumina samples 87 

For pristine alumina synthesis, 5 g of aluminum nitrate nonahydrate were first dissolved in 88 

50 mL of deionised water. This solution was added dropwise to the ammonium carbonate solution 89 

(6.5 g dissolved in 15 mL water in a 250 mL reagent bottle), under magnetic stirring (600 rpm) 90 

and at room temperature. After complete mixing, the reagent bottle was capped and stirring 91 

continued for 12 h to generate white precipitate. The latter was separated by centrifugation and 92 

washed two times with water followed by washing three times with acetone. The wet precipitate 93 

was then dispersed in 500 mL of acetone in a 1000 mL capped reagent bottle for stirring overnight 94 

at room temperature. The material was then recovered by centrifugation and dried in a vacuum 95 

oven at 70 oC for 12 h. The dried product, i.e., as-synthesised alumina, was coded as Al-AS. It was 96 

calcined (c.a. 1 g) in a tube furnace at a ramp rate of 1 oC min-1 holding at 400 oC for 2 h under 97 

flowing air (200 sccm). The sample was denoted as Al-C. 98 

Four transition metal-loaded alumina samples (Co, Ni, Cu, and Zr) were synthesised via 99 

an in-situ co-precipitation procedure. The procedure is similar to that for pure alumina except for 100 

the first step, where the respective transition metal salt (nickel (II) nitrate hexahydrate, copper (II) 101 

nitrate hemi(pentahydrate), cobalt (II) nitrate hexahydrate, zirconium (IV) chloride) was also 102 

dissolved in the aluminum nitrate solution (50 mL). The amounts of salts added were equivalent 103 

to 3 wt% metal with respect to the alumina support. The as-synthesised and calcined metal-loaded 104 

samples are designated as Al-XX-AS and Al-XX-C, respectively, where XX is replaced by the 105 

symbol of the respective transition metal used. 106 

https://creativecommons.org/licenses/by-nc-nd/4.0
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2.3 Characterisation of aluminas 107 

The samples were characterised by powder X-ray diffraction (PXRD), which was carried 108 

out using a Malvern Panalytical X’pert3 powder X-ray diffractometer in the measurement range 109 

of 5-80o. Surface area and pore size distribution analysis was performed via N2 sorption at 77 K in 110 

a Micromeritics 3Flex V4.05. Before analysis, the samples were degassed under vacuum at 350 111 

oC (attained at a rate of 1 oC min-1) for 8 h using a degassing unit (Micromeritics Vacprep 061). 112 

Temperature-programmed desorption of ammonia (NH3-TPD) was conducted to determine the 113 

quantity of acid sites, using a Micromeritics Autochem HP. About 0.1 g samples were loaded in 114 

the quartz tube and pre-treated in pure helium (50 sccm) at 500 oC (attained at a rate of 10 oC min-115 

1) for 4 h. The samples were then cooled to 100 oC under helium flow, after which the gas was 116 

switched to 10% NH3 in helium for NH3 adsorption for 3 h. The samples were then purged with 117 

helium (50 sccm) for 0.5 h to remove physisorbed NH3. After that, the temperature ramped at a 118 

rate of 5 oC min-1 and the signals of detached NH3 as a functional of temperature were recorded 119 

for the calculation of acid site density. 120 

2.4 Catalysis 121 

The catalytic performances of the prepared materials were evaluated in the conversion of 122 

glucose, following the reported procedure in our previous studies (Yu et al., 2019b; Yu et al., 123 

2019c). In brief, a mixture of catalyst (0.01 or 0.1 g), glucose (0.5 g), and water (10 mL) were pre-124 

mixed and placed in a sealed Teflon vessel. The mixture was subjected to heating at 160 or 170 oC 125 

for 20 min in an Ethos Up Microwave Reactor (Milestone; maximum power of 1900 W) with the 126 

magnetic stirring maintained. The reacted mixture was cooled by mechanical ventilation for 40 127 

https://creativecommons.org/licenses/by-nc-nd/4.0
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min. Liquid samples were prepared for product analysis by a four-fold dilution with deionised 128 

water followed by filtration through a mixed cellulose ester filter (0.22 µm). 129 

2.5 Catalysis sample analyses 130 

Product analysis was performed via high-performance liquid chromatography (HPLC), 131 

using a Chromaster instrument (Hitachi, Japan).  The mobile phase, 0.01 M H2SO4, flew through 132 

an Aminex HPX-87H column (Bio-Rad) at 0.5 ml min-1, 50 oC. A refractive index detector was 133 

used to detect glucose and its derivatives. Calculations were based on carbon content (Eq 1-3). 134 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (𝑚𝑜𝑙%) =
𝑃𝑓/𝑀𝑊𝑃×𝑛𝑝

𝐺𝑙𝑢𝑖 /𝑀𝑊𝐺𝑙𝑢×𝑛𝐺𝑙𝑢
× 100%,       (1) 135 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚𝑜𝑙%) =
𝑃𝑓/𝑀𝑊𝑃×𝑛𝑝

(𝐺𝑙𝑢𝑖−𝐺𝑙𝑢𝑓)/𝑀𝑊𝐺𝑙𝑢×𝑛𝐺𝑙𝑢
× 100%,                (2) 136 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝑚𝑜𝑙%) =
𝐺𝑙𝑢𝑖−𝐺𝑙𝑢𝑓

𝐺𝑙𝑢𝑖
× 100%,                 (3) 137 

where, Pf, Glui, and Gluf (g mL-1) are the product concentration, and initial and final concentration 138 

of glucose, respectively; MWp and MWGlu (g mol-1) are the molecular mass of the corresponding 139 

product and glucose, respectively; and np and nGlu are the number of moles of carbons per mole of 140 

the product and glucose, respectively.  141 

3 Results and discussion 142 

3.1 Characterisation 143 

The XRD patterns of the as-synthesised and calcined samples are shown in Fig. 1. The as-144 

synthesised samples show peaks that are characteristic of ammonium aluminum carbonate 145 

hydroxide (JCPDS No: 00-042-0250). After calcination at 500 oC, the samples transformed into 146 

https://creativecommons.org/licenses/by-nc-nd/4.0
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an amorphous structure, possibly containing some gamma alumina phase in view of the diffuse 147 

peaks at around 2 theta 66.6o. The literature suggests that the formation of gamma alumina is 148 

favoured by high temperatures at > 500 oC (Amirsalari & Shayesteh, 2015; Bazyari et al., 2016; 149 

Kim et al., 2014). It is noted that no transition metal-containing crystals are observed from the 150 

XRD patterns in this study, implying the amorphous/microcrystalline nature of the transition metal 151 

matrix.  152 

Figure 2 shows the N2 adsorption and desorption isotherms of the calcined samples. A type 153 

IVa isotherm is observed, which is indicative of the presence of slit pores, as observed for the 154 

platelet-like aggregates. The Brunauer–Emmett–Teller (BET) surface area of Al-C is 542 m2 g-1, 155 

which is comparable to the metal-loaded samples (521-542 m2 g-1; Table 1). However, the pore 156 

volume considerably increases from 1.62 cm3 g-1 for Al-C to 2.45-2.63 cm3 g-1 for the metal-loaded 157 

samples, suggesting that the in-situ impregnation of transition metals favoured the formation of 158 

meso-/macro-pores. This may be possibly due to the partial substitution of the smaller Al3+ cation 159 

(At radius: 53 pm) with larger transition metal cations (At radius: 70-80 pm) (Wells, 1984), leading 160 

to enhanced spacing between the alumina platelet aggregates. This also corroborates a previous 161 

finding that post-impregnation of Ni on Al2O3 increased its pore volume (Ewbank et al., 2015). 162 

However, reverse trends can also be observed in the literature (Berenguer et al., 2016; Sepehri et 163 

al., 2016), which implies that other parameters such as metal loading and impregnating agent can 164 

also be a determinant (Osman et al., 2017).  165 

The NH3-TPD plots suggest the presence of acid sites in all samples (Fig. 3). The 166 

temperature for the maximum NH3 desorption (Tmax) is approximately 200 oC for all samples, 167 

which commonly represents the weak acid sites (Wang et al., 2019) yet the value also depends on 168 

the presence of micoporosity in samples and the TPD conditions. The Tmax for Al-C is 183 oC, 169 

https://creativecommons.org/licenses/by-nc-nd/4.0
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which is lower than that for the Co-, Ni-, and Zr-loaded samples with the Tmax ranging from 190-170 

207 oC (Table 3). This shows that the addition of these transition metals increased the acid strength. 171 

It also increased the acid site density from 1.05 mmol g-1 for Al-C to 1.23-1.36 mmol g-1 for the 172 

metal-loaded samples. We speculated that the in-situ impregnated transition metal may replace the 173 

Al sites, which appear as tetrahedral or octahedral in aluminas (Digne et al., 2004; Fu et al., 2017). 174 

The larger atomic size of the transition metals (compared to Al and O) may induce steric effects 175 

facilitating the formation of open sites as potential acid sites. Nevertheless, a detailed 176 

characterisation of the electronic configuration is needed, which can be determined by multiple 177 

parameters, such as the oxidation state and spin state of the impregnating metals, stoichiometry, 178 

distribution of cations, coulomb screening effects, and charge balance.(Fu et al., 2017) In previous 179 

studies using wet incipient impregnation methods, the increased acidities were also noted when 180 

Cu and Ni were added to Al2O3 (Osman et al., 2017) and TiO2 supports (Sreekanth & Smirniotis, 181 

2008). The enriched acidity could offer active sites serving catalytic applications.  182 

3.2 Catalytic glucose conversion 183 

The calcined samples were evaluated in catalytic conversion of glucose in water as the 184 

medium under microwave heating. When 0.01 g catalyst was used (i.e., 2 wt% with respect to 185 

glucose loading) at 160 oC for 20 min, less than 10 mol% glucose conversion was achieved in 186 

company with < 3 mol% fructose yield (Fig. 4a). The conversion was considerably improved to 187 

21.6-36.9 mol% as the catalyst dosage increased to 0.1 g (Fig. 4b). The corresponding fructose 188 

yields obtained follow the ascending order: Al-Cu-C (11.4 mol%) < Al-C (12.9 mol%) < Al-Zr-C 189 

(13.3 mol%) < Al-Co-C (14.2 mol%) < Al-Ni-C (15 mol%). At a higher temperature of 170 oC, 190 

Al-Ni-C remained the most promising and resulted in a fructose yield of 19 mol%, while other 191 

metal-loaded catalysts led to 14-16 mol% fructose (Fig. 4c). The isomerisation of glucose to 192 

https://creativecommons.org/licenses/by-nc-nd/4.0
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fructose can be achieved via a Lewis acid- or Brønsted base-catalysed pathway, via a hydride shift 193 

from C2 to C1 or hydrogen transfer from O2 to O1, respectively (Carraher et al., 2015). In this 194 

study, as the pH values of < 3.5 were measured in the reacted mixtures, the base-driven pathway 195 

was not very likely to take place. Thus, fructose formation was mainly facilitated by Lewis acidity 196 

on the Al2O3-supported catalysts, although it cannot be distinguished from Brønsted acidity via 197 

NH3-TPD analysis (Hemmann et al., 2014). 198 

The data obtained under different conditions are presented in a plot of fructose yields 199 

against glucose conversions to evaluate the trend of fructose selectivity (Fig. 4d). While most of 200 

the data points follow a similar trend labelled as Line A, the data of Al-Zr-C are better described 201 

by Line B, which is more deviated from the line representing the ideal result, i.e., 100% fructose 202 

selectivity. Thus, Al-Zr-C was less fructose-selective (36 mol%) than the rest of the catalysts (46-203 

59 mol%). The reverse order holds true when considering glucose conversion, which was the 204 

highest over Al-Zr-C (37-41 mol%), presenting the highest catalytic activity as well as the 205 

relatively pronounced side reactions of glucose and/or intermediates to side products. We herein 206 

note that the choice of different performance indicators (selectivity or conversion) would lead to 207 

distinctive implications in structure-performance investigations (Section 3.3) and prudent 208 

interpretation is needed.  209 

3.3 Structure-performance relationships 210 

The data of glucose conversion over the Al2O3-supported catalysts at 160 oC, 20 min were 211 

plotted against the characterisation results, including pore volume, acid site density, and Tmax, to 212 

elucidate the relationships between the overall activity of the catalysts and their physicochemical 213 

properties (Fig. 5). The contour plots depict that the glucose conversion did not depend on only a 214 

single parameter but multiple. It is noteworthy that the sensitivity of glucose conversion towards 215 
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the catalyst properties varied along the scale. For instance, at an acid site density of c.a. 1.23 mmol 216 

g-1, the increase in glucose conversion normalised by Tmax (∆Glu. conv./∆Tmax) at the range of Tmax 217 

= 174-200 oC was 0.3, which is lower than the value of 1.0 at Tmax = 200-207 oC (Fig. 5a). We 218 

speculate that Tmax became more important in controlling the catalytic activity as its magnitude 219 

increased, during which the corresponding changes in other properties should also be taken into 220 

account. The variation in glucose conversion associated with pore volume was relatively minor at 221 

Tmax values lower than c.a. 185 oC compared to that at higher Tmax, suggesting that the insufficient 222 

active sites (Lewis acidity) could be the limiting factor in the former case (Fig. 5b). Although there 223 

is no clear trend at Tmax > c.a. 185 oC, one could comment that a larger pore volume tends to result 224 

in higher glucose conversion in general because of the improved molecular diffusion. The above 225 

discussions articulate the changing significance of physicochemical properties, while more 226 

conclusive results should be derived in future research using an increased sample size. 227 

Improving the porous structure and acidity have been widely perceived as the approaches 228 

to enhance the catalyst performance. We herein stress that achieving a balance between the 229 

physicochemical properties, instead of focusing on one of them, would allow for a more cost-230 

effective design by leveraging each functionality. As discussed in Section 3.1, introducing 231 

transition metals on the catalyst support enriched the surface acidity and meso-/macropores. More 232 

computational and spectroscopic investigations are needed on the interactions between specific 233 

metal precursors and Al2O3 support, which may explain the varying characteristics of the resulting 234 

catalysts. While the current study tapped on the intertwined structure-performance relationships as 235 

an emerging research paradigm, enlarging the database and running statistical analysis are 236 

recommended in the future to reveal the inter-relationships at a higher resolution, facilitating the 237 

science-informed development of economical and high-performance catalysts. 238 
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Alumina could be a potential economical support material for fabricating catalysts as its 239 

performance falls into the range reported in the literature (Fig. 6). The highest fructose yield (19 240 

mol%) and selectivity (59 mol%) were achieved over Al-Ni-C at 170 oC. As for the previously 241 

reported solid catalysts, the Mg-Al layered double hydroxide (LDH), a base catalyst, can yield 15-242 

24 mol% fructose from glucose (Yu et al., 2019a), whereas 35 mol% fructose was produced over 243 

the graphite oxide-supported Al (GIO-Al) catalysts comprising Al hydroxides (e.g., Al(OH)3, 244 

AlO(OH)) as Lewis acid sites (Yu et al., 2019b). To verify the advantages of alumina-based 245 

catalysts, a fair comparison of the different catalysts is needed via thorough investigation under 246 

the same conditions. It is noted that a higher temperature was needed in this study (160-170 oC vs 247 

100-160 oC in the above literature). Energy may be needed to displace the coordinated water 248 

molecules from the hydrophilic surface or the Lewis acid sites, enabling glucose molecules 249 

adsorption as a prerequisite of catalytic conversion (Marianou et al., 2016). 250 

 251 

4 Conclusions 252 

The Cu-, Ni-, Co-, and Zr-doped Al2O3 catalysts were evaluated in glucose conversion as a 253 

part of a food waste biorefinery. The addition of transition metals possibly induced the formation 254 

of open sites, which led to increases in the acidity and pore volume of Al2O3. Tmax, acid site density, 255 

and pore volume tended to have a positive relationship with the catalytic performance in glucose 256 

conversion, yet their significance could vary along the scale as the limiting factor may switch from 257 

one parameter to another. Further research efforts should be placed on revealing the structure-258 

performance relationship at a higher resolution. Among the prepared catalysts, Al-Ni-C achieved 259 
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the highest fructose yield (19 mol%) and selectivity (59 mol%) under heating at 170 oC for 20 min. 260 

In comparison, Al-Zr-C presented the lowest fructose selectivity, indicating the relatively 261 

pronounced side reactions of glucose and/or intermediates. This study highlights the potential of 262 

using Al2O3 as an economical material for the synthesis of catalysts serving biorefineries. 263 
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