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Abstract: The catalytic isomerization of glucose to fructose plays a pivotal role in the application of
biomass as a feedstock for chemicals. Herein, we propose a facile solid-state-grinding strategy to
construct ZrO, /MgO mixed oxides, which offered an excellent fructose yield of over 34.55% and a
high selectivity of 80.52% (80 °C, 2 h). The co-mingling of amphiphilic ZrO, with MgO improved the
unfavorable moderate/strongly basic site distribution on MgO, which can prohibit the side reactions
during the reaction and enhance the fructose selectivity. Based on the catalyst characterizations, MgO
was deposited on the ZrO, surface by plugging the pores, and the addition of ZrO, lessened the
quantity of strongly basic sites of MgO. Additionally, the presence of ZrO, largely enhanced the
catalyst stability in comparison with pure MgO by recycling experiments.
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1. Introduction

The use of non-renewable fossil resources has caused environmental damage and
raised concerns about environmental sustainability, and the renewable biomass resource as
the potential alternative to fossil resources is recently gaining momentum [1-3]. In biomass
refining, 5-hydroxymethylfurfural (HMF), touted as a versatile biomass-derived platform
molecule for the production of value-added chemicals, polymeric materials and liquid fuels,
can be derived from the catalytic conversion of glucose and fructose [4-6]. Glucose can be
obtained by the enzymatic hydrolysis of polysaccharide macromolecule cellulose, which is
widely found in nature and is abundant and easy to obtain [7,8]. The conversion of glucose
to HMF is much more difficult than fructose, although they are isomers of each other [9-11].
In addition, fructose is widely used to make sweeteners, preservatives, diabetic drugs
and so on, and it is considered to be a key intermediate compound [12,13]. Therefore, the
isomerization of glucose to fructose is a crucial intermediary step in the use of biomass as a
feedstock for chemicals.

Currently, industrial production of high fructose corn syrup is catalyzed by immobi-
lized glucose isomerase, but there are still problems, such as the need for more stringent
reaction conditions (lower temperatures, narrow pH operating window) for glucose iso-
merase activity. In addition, from an economic point of view, a large number of enzymes
are required to improve the efficiency of enzymatic isomerization, which increases the
cost of investment [14]. Also, for this reason, many homogeneous and solid catalysts have
been developed for the conversion of aldehydes and ketones [15-17]. For example, the
isomerization of glucose (4.0 wt%) could proceed in a NaAlO, aqueous solution at 80 °C
for 30 min, which offered a fructose yield of 25% with a poor selectivity of less than 29%.
Nguyen et al. investigated the catalytic glucose ketonization with metal chlorides (Cr®*,
AI3*, Ga®*) as Lewis acid catalysts, and a fructose yield of 15-18% was obtained [18,19]. The
lower fructose yields achieved by the above homogeneous catalytic systems and their non-
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recyclability and high substrate concentration requirements have rendered homogeneous
catalyzed glucose isomerization unsatisfactory for research purposes [15].

Comparatively, in recent years, solid catalysts, especially alkaline earth metal oxides,
have been applied to aldose ketonization, which can be well separated and reused and
can be doped and modified to improve their catalytic activity [20]. Naturally occurring
metal oxides (zirconium oxide, magnesium oxide, calcium oxide, titanium dioxide and
cerium dioxide) are popular due to their inherent acid-base favorable properties, and
magnesium-based metal oxides are currently showing better catalytic properties for glu-
cose isomerization [21,22]. Marianou et al. prepared magnesium oxide (with a small
amount of calcium oxide) calcined from purely natural magnesite, which could give a
fructose yield of 33.4% with a selectivity of 75.8% from glucose at 90 °C for 45 min via
a proton transfer mechanism [23]. In addition, a series of magnesium-based composite
metal oxides have good catalytic activity for glucose isomerization. For instance, Rabee
et al. prepared magnesium-zirconium composite metal oxides with different ratios by
calcining magnesium-zirconium hydrotalcite, which offered a fructose yield close to 30%
with a selectivity of 74% at 95 °C for 3 h [24]. Similarly, Mahala et al. found that amphoteric
zinc oxide is able to modulate the acidity and base of the magnesium-zinc composite
oxides, giving a fructose yield of 30 wt% with a selectivity of nearly 80 wt% [25]. Although
these magnesium-based metal oxides have achieved better catalytic activity, they are more
cumbersome and time-consuming to prepare. Interestingly, pure ZrO, was previously
reported to catalyze glucose isomerization and gave only a 15% fructose yield due to the
presence of its basic active center [26].

Considering the stability, low cost and suitability of metal complex oxides for the
ketonization of glucose to fructose, in this study, a facile complex metal oxide preparation
method was developed, which was made by mixing magnesium and zirconium nitrates by
thorough milling and calcination in air. The aqueous-phase catalysis of glucose with ap-
propriate proportions of magnesium and zirconium mixed oxides gave 34.55 wt% fructose
yield and up to 80 wt% selectivity under milder reaction conditions.

2. Results and Discussion
2.1. Characterization of the Synthesized MgO/ZrO; Catalysts

The morphology and crystalline phase of pristine metal oxides (zirconia and mag-
nesium oxide) and composite metal oxides (Mg/Zr-0.5, Mg/Zr-1.0, Mg/Zr-2.0) were
investigated by X-ray diffraction (XRD) (Figure 1). Upon comparing with the original
zirconia comparison cards JCPDS:88-1007 and 78-0047, it is observed that zirconia exhibits
both tetragonal and monoclinic phases. Moreover, the tetragonal phase predominantly
manifests within the composite oxide catalyst [27]. The (111), (200) and (220) crystal planes
of magnesium oxide displayed distinct diffraction peaks at 35.7°, 42.3° and 61.8°, respec-
tively. Furthermore, the composites exhibited significant fusion effects [28]. It has been
noted that in the composites, the diffraction peaks of zirconia corresponding to (101) and
(112) crystal faces undergo a discernible shift towards higher 20 angles. Additionally, these
diffraction peaks appear broader, suggesting the incorporation of magnesium atoms into
the zirconia lattice [25,29,30].

Scanning electron microscopy-energy spectrometry was utilized to estimate the ele-
mental content distribution on the catalyst surface, with the findings presented in Table 1.
The surface Mg/ Zr atomic ratio exceeds the theoretical Mg/Zr atomic ratio.

The morphology of the prepared oxide catalysts was observed using scanning electron
microscopy, as shown in Figure 2. Figure 2a,b illustrate that pure zirconia forms irregular
aggregates, and pure magnesium oxide exhibits a lamellar structure. As the magnesium
content in the mixed catalyst is gradually doubled compared to the zirconium molar equiv-
alents (Figure 2¢,d), distinct flakes of magnesium oxide become visible, adhering to the
bulk on the catalyst surface. With further increases in magnesium content, a significant ag-
gregation of magnesium flakes occurs, rendering the catalyst surface noticeably rougher. It
is observed that magnesium oxide covers the ZrO; surface in the form of flakes, resulting in
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the Mg/ Zr atomic ratio on the surface exceeding the theoretical value (Table 1). Specifically,
surface Mg/ Zr atomic ratios estimated by XPS were much higher than those acquired by
SEM-EDX due to the narrower testing depth of XPS (2-10 nm) compared to SEM-EDX, con-
sistent with earlier elemental analyses. In addition, examination of the elemental face-scan
images in Figure 3 reveals uniform dispersion of Mg, Zr and O elements.

o Tetragonal-ZrO,
& Monoclinic-ZrO, 2 .
e <
; <
= |
< " , 4
N’ H |
- : Mg/Zr-1.
.EP : ' g/7r-1.0
o — /' !
2 1 Mg/Zr-0.5
Q
~= A
= i
— : Zr0,
| | ! | JCPDS:88-1007
10 20 30 40 50 60 70 80

2 Theta (degree)

Figure 1. XRD profiles of synthesized catalysts and pure oxides.

Table 1. Nominal and actual surface Mg/Zr atomic ratios of catalysts.

Catalyst Nominal Surface Mg/Zr Atomic Ratios Actual Surface Mg/Zr Atomic Ratios
Mg/Zr-0.5 0.50 0.842 (3.43) P
Mg/Zr-1.0 1.00 3.762 (7.78) P
Mg/Zr-2.0 2.00 17.59 @ (64.65) b

2 Estimated by SEM-EDX. ? Estimated by XPS.

Figure 2. SEM images of (a) ZrO;, (b) MgO, (c) Mg/Zr-0.5, (d) Mg/Zr-1.0, (e) Mg/ Zr-2.0.
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Figure 3. Element face mapping of Mg/Zr-1.0.

The results from the N, adsorption—-desorption isotherms (Figure 4) indicated that all
samples exhibited typical type IV isotherms, indicative of mesoporous materials. The BET-
specific surface area, pore volume and average pore size distribution of each oxide catalyst
are shown in Table 2. The average pore size and pore volume of the composite oxides
declined significantly after the addition of magnesium oxide, likely due to the coating of
magnesium oxide on the outer surface of zirconia while leaving the inner channel intact.
Moreover, the addition of magnesium oxide did not obviously impact the specific surface
area of composite metal oxides (Table 2).

—— 710,
—e— MgO
—e— Mg/Zr-0.5
—e— Mg/Zr-1.0
—eo— Mg/Zr-2.0

Volume adsorbed (cm’ g_l)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

Figure 4. N, adsorption-desorption isotherms of synthesized catalysts and pure oxides.

XPS test results indicate the presence of zirconium, oxygen and magnesium on the
Mg/Zr-1.0 surface. Figure 5 shows the XPS spectra of the electronic binding energies of
Zr 3d, Mg 1s and O 1s for ZrO,, MgO and Mg/Zr-1.0. It can be observed that Zr and Mg
in Mg/Zr-1.0 exist in the Zr** oxidation state (181.78 and 183.98 eV) (Figure 5a) and Mg?*
oxidation state (1304.18 eV) (Figure 5b), respectively [31]. The O 1s signal of Mg/Zr-1.0 is
deconvoluted into three components: the Mg-O (530.0 eV), Mg-OH (530.7 eV), and H,O
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(533.4 eV) [32,33]. However, O~ species in ZrO, did not appear in the O 1s of Mg/Zr-1.0.
As mentioned above, the catalyst surface is mainly coated by magnesium oxide. In addition,
it can be seen from the O 1s spectra of MgO that the area of the Mg-OH peak is larger
than that of the MgO lattice oxygen (Mg-O) form, which suggests that MgO has strong
basicity and is prone to adsorb water molecules in the environment to form hydroxide
species. In the Mg/Zr-1.0 sample, the peak areas of these two oxygen species occupy the
opposite situation, which indicates that the introduction of Zr into MgO weakened its
surface alkalinity and elevated the content of lattice oxygen species on the catalyst surface.

Table 2. Physical characteristics of the prepared metal oxide catalysts.

Ratio of Moderate/Weak

Catalyst Sgeglf(cﬁ;;rf)a: € P()(I;;‘;‘/)l;lzne D‘:’ﬂ?:é: (I; (;Irle) a Stro(ngm]i?/m; E ites Basic Sites to Strong
g g " & Basic Sites
V4(0)) 46.7 0.185 15.2 0.0 -
MgO 31.6 0.136 17.1 96.2 2.3
Mg/Zr-0.5 40.7 0.022 2.1 34.4 3.2
Mg/Zr-1.0 49.6 0.028 22 45.1 3.5
Mg/Zr-2.0 45.0 0.035 3.1 63.5 2.7
2 Determined by N, adsorption isotherm. b Estimated by the CO,-TPD profiles.
a 7r3dy, zr3d| b Mgis| C|OIs  zroH o>
3 1 7r3dy, H,
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Figure 5. XPS spectra of (a) Zr 3d, (b) Mg 1s, and (c) O 1s of MgO, ZrO,, and Mg/Zr-1.0.

The CO,-TPD measurements were conducted with the aim of determining the entirety
of alkalinity (as outlined in Table 2) and the distribution of the alkali strength of the prepared
oxide catalysts. As shown in Figure 6, all samples show two major CO, desorption peaks
in the range of 200-450 °C, attributed to weak/medium basic centers and strong basic
centers, respectively [34]. MgO has two desorption peaks at 325 °C (moderately basic
site) and 394 °C (strongly basic site). With the reduction of the Mg/Zr atomic ratio, the
intensity of the desorption peak becomes lower and the center moves towards the low
temperature at 276 °C and 330 °C, respectively. This can be attributed to the decrease in the
desorption amount of CO, with increasing Zr content. As shown in Table 2, the strong basic
center of the catalyst dramatically decreased from 96 to 34 umol/g with the decline in the
Mg/ Zr atomic ratio, which may be due to the doping of amphoteric zirconia [35], which
correspondingly weakened the influence of the strong basic center. Moreover, the catalyst
Mg/Zr-1.0 showed the largest ratio of weakly and moderately basic sites to strongly basic
sites (3.5), suggesting that the doping of a moderate amount of zirconia enhanced the ratio
of weakly and moderately basic sites and thus improved the catalytic activity.
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Figure 6. CO,-TPD profiles of synthesized catalysts and pure oxides.

Figure 7 displays the FT-IR spectra of MgO-, ZrO,- and MgZr-mixed metal oxide
catalysts. The FTIR spectra of the MgZr samples with different ratios have a distinct band
from 3400 to 3660 cm~!, which accounted for the -OH stretching vibration induced by
the water molecules adsorbed on the catalyst surface [36]. However, in pure MgO and
MgZr samples at higher Mg/Zr ratios, the band at 3696 cm~! may be ascribed to the
OH-groups exposed to the magnesium catalyst [37]. The nature of the alkaline center was
reportedly assessed using the splitting value of the V3OCO vibrations (Av3) by Rabee
et al. [24]. The 1519 and 1423 cm ™! (Av3 = 96 cm~! < 100 cm™~!) bands appearing in
Mg-containing samples may represent monodentate carbonate species [38]. The formation
of monodentate carbonates requires the presence of surface-coordinated unsaturated O?~
centers [24,39]. Thus, FTIR spectra indicate that the predominant active sites on the surface
of the Mg-containing catalysts are the coordinated unsaturated Lewis base sites (cu-O?~).
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Figure 7. FTIR spectra of synthesized catalysts and pure oxides.
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2.2. Catalytic Evaluation of Different MgO-Based Mixed Oxide on Glucose Isomerization

Mixed metal oxides with a molar ratio of 1 were prepared in the same way with
different metal salts, and the prepared catalysts were screened under identical reaction
conditions; the results are shown in Table 3. It can be seen that the fructose yields obtained
through the doping of other oxides are all within 20-30%. Among them, the admixture of
CaO considerably improved glucose conversion, thus leading to poor fructose selectivity
(less than 40%). In addition, the blending of Sn and Zn, both amphoteric metals, into MgO
showed better fructose selectivity (79.66% and 85.92%, respectively), yet the fructose yields
were lower than 30%, which was not as effective as that of Mg/Zr-1.0. It can be concluded
that Mg/ Zr-mixed oxides showed the best catalytic performance.

Table 3. Isomerization of glucose to fructose over different metal oxide catalysts.

Entry Catalyst Glucose Conw. Fructose Yield. Fructose
(%) (%) Selectivity (%)
1 Mg/Al-1.0 36.45 20.61 56.54
2 Mg/Sn-1.0 35.75 28.48 79.66
3 Mg/Zn-1.0 30.77 26.44 85.92
4 Mg/Ca-1.0 55.54 21.74 39.14
5 Mg/Mn-1.0 35.23 22.01 62.47
6 Mg/Zr-1.0 42.90 34.55 80.52
7 MgO 40.86 27.08 66.28

Conditions: 1 mmol glucose, 6 mL H,O, 2 h, 80 °C.

Figure 8 summarizes the catalytic activity results for the isomerization of glucose
to fructose over ZrO;, MgO, and Mg/Zr mixed metal oxide catalysts. It is important to
note that no detectable mannose was observed in any of the reactions, indicating that
no discernible differential isomerization of glucose took place under the experimental
conditions in this study [40]. It has been reported that in base-catalyzed glucose isomeriza-
tion reactions, either very little mannose is formed or mannose consistently appears as a
minor product [41,42]. Initially, the impact of the Mg/Zr atomic ratio was examined while
ensuring consistency in other reaction parameters (3 wt% glucose, 80 °C, 9 h).

70
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Figure 8. Effect of catalysts with different Mg/ Zr ratios on glucose isomerization of fructose: (a) glu-
cose conversion and (b) fructose yield. Reaction conditions: 1 mmol glucose, 6 mL H,O, 80 °C.

Figure 8 illustrates the time course of glucose isomerization. As shown in Figure 8a,
the MgO-catalyzed conversion of glucose showed a continuously growing trend within
9 h. Other catalysts behave more. Similarly, the glucose conversions attained by them
increased with the extension of reaction time until 180 min, after which they gradually
plateau with a further extension of the reaction time. As shown in Figure 8b, the yield
of fructose obtained from the prepared catalysts showed a more consistent performance.
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The highest fructose yield was reached when the reaction was conducted for a duration
of 3 h, and it began to show a slight decline when the time was prolonged. The reduced
yield of fructose may be caused by side reactions of fructose that lead to degradation or
polymerization to form by-products such as humin [43,44]. The yield of fructose obtained
with MgO was almost 20% higher than that of ZrO, under the same reaction conditions, but
it displayed the highest glucose conversion (>60%) at 9 h of reaction, which led to a poorer
fructose selectivity (less than 50%). This could be attributed to the higher concentration of
strongly basic sites inherent to MgO itself [45,46]. Although the pristine ZrO, gave a lower
fructose yield, its incorporation into magnesium oxide exhibited higher fructose yields
than MgO. With the increase in zirconium oxide, when the Mg/ Zr ratio reached 1.0, the
glucose conversion finally increased considerably to 51.71%, and the fructose yield and
selectivity reached 34.57% and 66.85%, respectively. Therefore, it can be hypothesized that
the increase in zirconia doping weakens the strong basic sites inherent in MgO, thereby
increasing the catalytic activity [47].

2.3. Influence of Other Reaction Parameters

Based on the excellent catalytic activity of Mg/Zr-1.0 for glucose isomerization, the
effect of other parameters, namely, reaction temperature, catalyst dosage and substrate
concentration, was further investigated. Figure 9 illustrates the isomerization of glucose
in the temperature range of 80-110 °C. When the reaction is carried out for 2 h, the rate
of glucose conversion is going to grow as the temperature of the reaction increases. The
time required to achieve the same glucose conversion at different temperatures decreases
with rising temperature, indicating that the higher the temperature, the faster the glucose
consumption. As can be seen from Figure 9b, the fructose yields at different temperatures
were stabilized at a certain value at the end with the extension of time, and the fructose
yields were all in the range of 30-35% at 2 h of reaction. However, glucose conversion is
preferable at high temperatures, so the fructose selectivity is correspondingly poor. This
suggests that an increase in temperature not only accelerates the conversion of the substrate
but also results in the side reactions of glucose or fructose [48]. The above results showed
that the Mg/Zr-1.0 catalyst could give a desirable fructose yield with a relatively high
selectivity at 80 °C.

d 100 b
Reaction temperature (°C) 404
—— 80
e J ¢
804 —— 90 _
T:’ —o— 100 e
kS —— 110 . <
7 =}
Z 604 =
154 2 254 Reaction temperature (°C)
2 >
S 2 204 —e— 30
o 401 =)
8 S 15 —e— 90
S ;E si —*—100
O 201 —e—110
5
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0 60 120 180 240 300 360 420 480 540 600 660 720 0 60 120 180 240 300 360 420 480 540 600 660 720
Time (min) Time(min)

Figure 9. Effect of temperature on glucose isomerization: time-dependent progression of the reaction
for glucose conversion (a) and fructose yield (b) at various reaction temperatures was investigated using
the Mg/Zr-1.0 catalyst. Reaction conditions included 1 mmol glucose, 6 mL H,O, and 0.02 g catalysts.

We further investigated the effect of the ratio of catalyst dosage to substrate dosage on
the catalytic isomerization of glucose. The results of the effect of catalyst dosage adjustment
on the reaction are shown in Figure 10. It can be seen that the increase in glucose conversion
becomes apparent as the ratio of substrate to catalyst dosage declines. This is because the
increment of catalyst dosage promotes collisional contact with glucose molecules and can
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provide more active sites to participate in the reaction [49]. When the reaction proceeded
for a duration of 3 h, in terms of fructose yield, when the ratio of substrate to catalyst
mass was decreased from 18 to 9, the fructose yield enhanced by 5% to reach a maximum
value of 34.55%, followed by a further decrease in the ratio and a drop in the fructose
yield. Although the fructose yield at the end of the reaction with the smallest substrate-to-
catalyst ratio (1.8) was comparable to that at a ratio of 9, it had a higher glucose conversion,
resulting in somewhat inferior fructose selectivity. This confirms that the appropriate
amount of catalyst is sufficient to catalyze the conversion of the substrate, whereas an
excessive amount of catalyst can initiate unwanted side reactions.

a b
Ratio of substrate to catalyst usage
& s0{ —*18 40 1
= ——9 = .
s | = = =
o= =
@ o0 —o3 pum— [T
g —o— 18 o 2
g st 2 Ratio of substrate to catalyst usage
Q -4 =] 4
o 404 ZJ‘/ 6 20 / —o— 18
§ 7 = —— 9
2 = —}
G] 20 10 ey
1.8
0 l) T T T T T T T T T

T T T T T T T T T T T T T
0 60 120 180 240 300 360 420 480 540 600 660 720 0 60 120 180 240 300 360 420 480 340 600 660 720

Time (min) Time (min)

Figure 10. Comparative results of glucose isomerization: time-dependent progression of the reaction
for glucose conversion (a) and fructose yield (b) at different ratios of substrate to catalyst (Mg/Zr-1.0)
usage. Reaction conditions: 1 mmol glucose, 6 mL H,O, 80 °C.

Figure 11 examines the effect of substrate concentration on the reaction. The increase
in the amount of glucose resulted in a decrease in glucose conversion from 62% to about
40%, which may be due to the fixed amount of catalyst (20 mg), the number of active
centers was fixed and the overloaded glucose molecules were not able to participate in
the reaction. As can be seen in Figure 11b, the Mg/Zr-1.0-based catalytic system was able
to maintain more than 30% fructose yield at a lower substrate concentration system, and

when the glucose concentration was enhanced to 10% or more, the fructose yield dropped
to about 25%.

aso b e
Glucose concentration (%) Glucose concentration (%)
\’? ——1% s04 —*— 1%
0,
60 —e—3% ;\;\ —tp— ? 0/3/
=] ——
§ | o S el T
® ——15% ©
3] =
% 40 G 30
5] 2
Q 5]
& 2 207
3 204 =
Q 10
0 T T T T T T T T 0 T T T T T T T T
0 60 120 180 240 300 360 420 480 340 0 60 120 180 240 300 360 420 480 540
Time (min) Time (min)

Figure 11. Time-based glucose conversion (a) and fructose yield (b) of the reaction process at different
glucose concentrations. Reaction conditions: 1 mmol glucose, 6 mL H,O, 80 °C.

In this study, the Mg/Zr-1.0 catalyst was employed to achieve the highest fructose
yield of 34.6% from glucose at 80 °C, accompanied by 80.5% selectivity. Comparisons
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were drawn with other multiphase catalysts reported in the literature. As illustrated
in Table 4, the fructose yields achieved with Mg/Zr-1.0, synthesized herein, surpassed
those of the majority of solid catalysts tested under similar conditions in aqueous glucose
conversion. Furthermore, our catalyst demonstrated both higher fructose yields and
selectivities compared to MgO catalysts derived from calcined magnesite. Notably, these
results were accomplished under mild reaction conditions, specifically 80 °C for 120 min.
The superior catalytic performance of Mg/Zr-1.0 is attributed to the strategic incorporation
of ZrO,, which effectively modulates the catalyst’s basicity distribution.

Table 4. Isomerization of glucose with different heterogeneous catalysts in water.

Catalyst Reaction Glucose Fructose Yield. Fructose Ref.
Conditions Concentration. (wt%) (%) Selectivity (%)
Al,O3 120 °C, 30 min 0.10 27.1 45.6 [50]
Ca0/ZrO, 140 °C, 15 min 0.10 25.0 86.0 [21]
10%MgO/NaY 100°C,2h 2.50 33.8 67.3 [51]
SiO,-N800 80°C,3h 0.01 22.8 91.3 [52]
MgO/ZxrO, 95°C,6h 3.00 33.0 74.0 [24]
MgO-biochar 100 °C, 30 min 1.00 28.0 34.0 [53]
MgO 90 °C, 45 min 4.00 334 75.8 [23]
MgO 80°C,2h 3.00 27.1 66.3 This work
Mg/Zr-1.0 80°C,2h 3.00 34.6 80.5 This work

2.4. Effect of Solvents on Reaction

Polar solvents, such as alcohols, have been reported in the literature to stabilize transi-
tion state molecules of glucose, thus further increasing the productivity of fructose from
glucose isomerization [54]. Therefore, alcohols have been added to the reaction medium to
enhance product selectivity by regulating side reactions. For example, Saravanamurugan
et al. proposed a method to promote the isomerization of glucose in a two-step reaction
between alcohol and water, achieving a 55% fructose yield (120 °C, 2 h) [55]. In the present
work, different alcohols (methanol, ethanol and n-butanol) were added to the aqueous
medium to examine the effect of solvents on the reactivity. As shown in Figure 12, in the
presence of alcohol, the conversion of glucose decreases sharply, as does the selectivity
of fructose. It may be due to the lower solubility of glucose in polar protonating organic
solvents at lower reaction temperatures (80 °C), resulting in a slower reaction rate, which
reduces the conversion of glucose [56]. In summary, water as a medium facilitates the
glucose isomerization fructose reaction.

2.5. Plausible Mechanism of Glucose Isomerization over Mg/Zr-1.0

At present, two acknowledged mechanisms exist for the isomerization of glucose to
fructose. One involves the Lewis acid-catalyzed intramolecular hydride transfer mecha-
nism of glucose, while the other entails intramolecular proton transfer (from C2 to O5),
resulting in the formation of the enediol key intermediate subsequent to the base-catalyzed
ring opening of the glucose molecule [14]. In the present study, based on FTIR spectroscopy
and other characterizations, it is known that the Mg/Zr-1.0 catalyst is a heterogeneous base
catalyst with moderately to weakly basic active sites, and the reaction follows the principle
reported by de Bruyn et al. Water molecules adsorbed on the surface of the Mg/Zr-1.0
catalyst dissociate and form stable hydroxyl groups on the surface of MgO, which is nega-
tively charged [57]. As a result, glucose undergoes deprotonation at the C2 position when
it comes into contact with the catalyst surface, forming an enol intermediate, which enables
the catalytic isomerization of fructose by the LdB-AVE mechanism (Scheme 1) [18,23].
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2.6. Recyclability Test of Mg/Zr-1.0

The stability of the catalyst was further investigated through the recycling tests in-
volving MgO and Mg/Zr-1.0, with the results depicted in Figure 13. The fresh Mg/Zr-1.0
catalyst exhibited substantially improved fructose yield and selectivity over MgO. After
two cycles, fructose yield decreased from 34.55% to 20.50% over the Mg/Zr-1.0 catalyst,
while a pronounced decrease in fructose yield (from 29.98% to 11.25%) was observed
over MgO. Surprisingly, Mg/Zr-1.0 maintained good fructose selectivity (80%) during the
cycling test, whereas MgO only offered about 50% fructose selectivity in the cycling test.
We further explored the reasons for the decrease in fructose yield. Figure 14 shows the
XRD spectra and CO,-TPD profiles of the pristine and spent Mg/Zr-1.0 catalysts. It can
be seen that the intensity of the diffraction peaks corresponding to magnesium oxide is
significantly reduced, and the total basic sites are reduced by 77.7 umol/g. The magnesium
leaching of Mg/Zr-1.0 with MgO was examined by inductively coupled plasma atomic
emission spectroscopy. The results showed that after two cycles, the cumulative leaching
rate of magnesium ions in Mg/Zr-1.0 was only 5.54% (Table 5), and no significant leaching
of zirconium ions (less than 1 ppm) was detected, whereas the magnesium leaching rate
in MgO was as high as 19.6%. This may explain the greater declines in MgO-catalyzed
fructose yields in the cycle. According to the literature, the leaching of MgO may be induced
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by the interaction between MgO and organic acids such as acetic, lactic and formic acids,
originating from glucose or fructose [23]. Future efforts are thus needed to improve the
stability of Mg-based catalysts for glucose isomerization.
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Figure 13. Reusability test of Mg/Zr-1.0 (a) and MgO (b). Reaction conditions: 1 mmol glucose, 6 mL
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Figure 14. XRD pattern (a) and CO,-TPD profiles (b) of fresh Mg/Zr-1.0 and after use.

Table 5. The leaching of magnesium on Mg/Zr-1.0 and MgO, as well as the specific surface area and
alkaline sites of pristine and recovered Mg/Zr-1.0 (100 mg), after consecutive run 3 h at 80 °C.

Catalyst Cycle C;l{:::l:ft II:I,Ie glff a:g/(l)l)lzlg SAp:eC;fLC’ ?;rzf/;e Basic Sites (umol/g) ¢
Mg/Zr-1.0 0 0.00 49.6 325.9
Mg/Zr-1.0 1 5.46 - -
Mg/Zr-1.0 2 5.54 49.8 248.2

MgO 0 0.00 31.6 528.6
MgO 1 175 - -
MgO 2 19.6 314 256.2

@ Cumulative percentage of Mg removed considering their initial amount on each sample. ® Determined by N,
adsorption isotherm. ¢ Estimated by the CO,-TPD profiles.

3. Materials and Methods
3.1. Raw Materials
Magnesium nitrate (Mg (NO3),-6H,0, 99%) was purchased from Xilong Chemical

Co., Ltd. (Shantou, China), glucose (98%) and fructose (98%) were provided by Sinopharm
Group Chemical Reagent Co., Ltd. (Shanghai, China), and zirconium nitroxide (ZrO
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(NO3)2-xH0, 99%) was obtained from Shanghai Aladdin Biochemical Technology Co.
(Shanghai, China). All chemicals were utilized in their original state without undergoing
additional purification processes.

3.2. Catalyst Preparation

MgO/ZrO, composite oxides with different Mg/Zr molar ratios (0.5, 1.0, and 2.0)
were prepared by a facile milling—calcination method. The specific steps were as follows:
Mg (NO3)2-6H0 (0.012 mol), ZrO (NOs3)2-xH,O (0.012 mol) were mixed in a mortar and
ground thoroughly, followed by pyrolysis in a muffle furnace in a static air atmosphere at
450 °C (5 °C/min) for 3 h, obtained a catalyst noted as Mg/Zr-1.0. Similarly, reference is
made to zirconium oxide, magnesium oxide, and other bimetallic mixed oxides prepared
in a similar way using their respective nitrates with the same nomenclature.

3.3. Catalyst Characterization

X-ray diffraction (XRD) patterns were collected using a Rigaku Ultima IV diffrac-
tometer (Akishima, Japan), and X-ray diffraction was carried out in the scanning range
of 10-90° (10° min ') using Cu K« as the ray source (40 kV, 30 mA) to study the catalyst
lattice structure. Physical property parameters were determined and calculated using a
physical adsorption meter model ASAP 2020 HD88 from Micromeritics (Norcross, GA,
USA). The samples were degassed at 200 °C under vacuum for 6 h prior to N, adsorption
and desorption analyses. The morphology and elemental distribution of the catalyst surface
were recorded by field emission scanning electron microscopy (SEM) coupled with energy-
dispersive X-rays (EDX) (Hitaihi, Tokyo, Japan) under an accelerating voltage of 15 kV.
Infrared spectra were recorded on the Nicolet Is5 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). Determination of metal elements in catalysts using Thermo Scientific
iCAP 7200 inductively coupled plasma spectrometer.

The basicity of the catalysts was assessed via programmed thermal desorption of
carbon dioxide (CO,-TPD) employing a Micromeritics AutoChem II 2920 fully automated
chemisorption instrument. The test procedure was as follows: the samples were prepro-
cessed in a helium atmosphere at 200 °C for 0.5 h, and when the samples were cooled down
to 50 °C, the samples were adsorbed by passing through a 10% He/CO, gas mixture for
0.5 h. The samples were then purged under He atmosphere (30 mL/min) for 1 h to remove
the adsorbed CO; on the catalyst surface and finally heated up to 800 °C at an increasing
rate of 10 °C/min, and the CO,-TPD spectra of the samples were recorded during the
heating process.

3.4. Glucose Isomerization Experiment

The catalytic reaction took place within a 25 mL closed reactor. In a typical process,
1 mmol of glucose, 20 mg of catalyst (substrate to catalyst mass ratio of 9) and water (6 mL)
were added to a 25 mL reactor. It was then heated to 80 °C in an oil bath and stirred with a
magnetic bar at 500 rpm. Following a designated reaction period, the reaction vessel was
promptly cooled using cold water to rapidly halt the chemical process. The time-based
progress of the reaction was monitored by periodically sampling an aliquot (~0.1 mL) of
the reaction mixture. This mixture was filtered through a 0.25 mm PES filter membrane
(Stronger, Beijing, China) and subsequently analyzed using High-Performance Liquid Chro-
matography, which was equipped with a Bio-Rad Aminex HPX-87H Organic Acid Column
and a refractive index (RI) detector (Hercules, CA, USA). The mobile phase consisted of
5 mM sulfuric acid flowing at a rate of 0.6 mL/min while the column temperature was
maintained at 60 °C. Fructose yield and selectivity were assessed utilizing suitable response
factors obtained from multipoint calibration curves. Glucose conversion, as well as fructose
yield and selectivity, were computed according to the following equations:

Molar amount of glucose in the product
Initial molar amount of glucose

Glucose convertion rate = (1 — ) x 100%
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Molar amount of fructose in the product

100%
Initial molar amount of glucose %

Fructose yield =

Fructose yield < 100%

Fructose selectivity = -
ty Glucose convertion rate

The catalyst recovery performance was evaluated for continuous reactions. Following
a 3 h reaction period, the catalyst was retrieved via thermal filtration, rinsed with water,
and subsequently reused in the subsequent reaction without undergoing any reactiva-
tion process.

4. Conclusions

In this contribution, solid base catalysts obtained by simple grinding and calcination
of the metal-mixed salts containing magnesium nitrate and zirconium nitroxide can be
used for the isomerization of glucose to fructose in water. A Mg/Zr molar ratio of 1 in
Mg/ Zr-1.0 resulted in a fructose yield of 34.55%, with a selectivity close to 80.52%. Catalyst
characterizations indicated that the introduction of ZrO, facilitated the transformation of
strongly basic sites over Mg/Zr composite oxides to moderately and weakly basic sites,
resulting in a decrease in the total number of basic sites. Therefore, the side reactions of
fructose were probably inhibited, guaranteeing a desirable fructose selectivity for glucose
isomerization. In addition, the incorporation of ZrO; largely improved the catalytic stability
of Mg/Zr-1.0 by the suppression of MgO leaching.
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