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base characteristics by blending it
with amphoteric ZnO facilitating the selective
glucose isomerization to fructose for bioenergy
development†

Sangeeta Mahala,ab Senthil M. Arumugam,a Sandeep Kumar,a Bhawana Deviab

and Sasikumar Elumalai *a

Fructose serves as an important intermediate in the preparation of liquid fuel compounds. Herein, we report

its selective production via a chemical catalysis method over ZnO/MgO nanocomposite. The blending of an

amphoteric ZnO with MgO reduced the latter's unfavorable moderate/strong basic sites that can influence

the side reactions in the sugar interconversion, reducing fructose productivity. Of all the ZnO/MgO

combinations, a 1 : 1 ratio of ZnO and MgO showed a 20% reduction in moderate/strong basic sites in

MgO with ∼2–2.5 times increase in weak basic sites (overall), which is favorable for the reaction. The

analytical characterizations affirmed that MgO settles on the surface of ZnO by blocking the pores. The

amphoteric ZnO undertakes the neutralization of the strong basic sites and improves the weak basic

sites (cumulative) by the Zn–MgO alloy formation. Therefore, the composite afforded as high as 36%

fructose yield and 90% selectivity at 90 °C; especially, the improved selectivity can be accounted for by

the effect of both basic and acidic sites. The favorable action of acidic sites in controlling the unwanted

side reactions was maximum when an aqueous medium contained 1/5th methanol. However, ZnO's

presence regulated the glucose's degradation rate by up to 40% compared to the kinetics of pristine

MgO. From the isotopic labelling experiments, the proton transfer pathway (or LdB–AvE mechanism by

the formation of 1,2-enediolate) is dominant in the glucose-to-fructose transformation. The composite

exhibited a long-lasting ability based on the good recycling efficiency of up to 5 cycles. The insights into

the fine-tuning of the physicochemical characteristics of widely available metal oxides would help

develop a robust catalyst for sustainable fructose production for biofuel production (via a cascade

approach).
Introduction

5-Hydroxymethylfurfural (HMF), a furanic platform chemical, is
an established versatile and potential chemical in the manu-
facture of liquid biofuels and biopolymer compounds
(including 2-methylfuran, 2,5-dimethylfuran, 2,5-diformyl-
furan, levulinic acid, 2,5-furandicarboxylic acid, and 2,5-bis(h-
ydroxymethyl)furan).1,2 For its synthesis, many researchers
choose glucose as a feedstock because of its large availability in
the form of cellulose, which is present up to 50% in the ligno-
cellulosic materials that are abundant and underutilized.
However, the direct glucose conversion to HMF involves a series
of transformations, such as glucose isomerization to fructose,
of Innovative and Applied Bioprocessing,

umar@ciab.res.in; Tel: +91-172-5221-444

stitute of Science Education and Research

tion (ESI) available. See DOI:

0–2486
followed by dehydration to HMF. Of the transfers, glucose into
fructose is a slower step due to the equilibrium characteristics.3

To date, a biotechnological approach is widely followed to
produce fructose that is used to produce high-fructose corn
syrup rich in glucose,4 especially for food additive applications.5

However, this approach faces several challenges, including
downstreaming of the product, prolonged reaction times, and
frequent enzyme activity loss. Meanwhile, several chemical
systems, such as homogenous and heterogenous, have been
developed to produce fructose as simply as possible, i.e., within
5–180 min over mineral reagents, for biofuel applications.6,7 It
can be produced over acid or basic catalysts, but they follow
dissimilar pathways.6 An acid catalyst can induce the 1,2-
hydride shi in glucose to form fructose by initially having an
interaction at O-1 of glucose by the acidic sites, leading to the
development of polarization at C]O to form fructose.8 On the
contrary, the base catalyst rstly synthesizes an enediol inter-
mediate due to the abstraction of a proton at O-2 followed by
fructose formation by following the Lobry de Bruyn–Alberda van
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ekenstein mechanistic theory (LdB–AvE).9 However, the chem-
ical setups are able to achieve only 30% fructose and 60%
selectivity (on average), mainly caused by the routine side
reactions by utilizing the reactant and/or product.6 For
improving fructose productivity, tireless continuous efforts are
made to design an effective catalytic system, especially a solid
catalyst, because of its advantages that it can be reused multiple
times and regenerated quickly.6,10,11 Moreover, its catalytic
properties can be ne-tuned to promote a specic reaction of
interest.12 Within the naturally occurring solid catalyst, metal
oxides (e.g., TiO2, ZrO2, MgO, CaO, Nb2O5, CeO2, and SiO2) are
popular because of their catalytic prociency attributed to the
inherently favorable characteristics, including acidity/basicity
(Lewis and/or Brønsted strengths, which are tuneable) and
redox features.13–18 In fructose synthesis, a Lewis acid or base
condition is documented to be operative;6,19,20 therefore, many
have employed the composite formulation or doping tech-
niques to modify the intrinsic characteristics of the natural
metal oxide catalysts to nominate a potential candidate for the
reaction and a scalable catalyst for process development. For
instance, recently, Arumugam et al. have regulated the strong
base characteristics of CaO by incorporating MgO, which has
a relatively large number of weak base sites. Thereby offering
a favorable condition for glucose isomerization and yielding as
high as 33% fructose and 80% selectivity in a shorter time (15
min).16 In another study, Otomo et al. showed the effectiveness
of SiO2 aer ammonia treatment by achieving a fructose yield of
up to 35 and 91% selectivity. However, it exhibited poor recy-
clability, i.e., only 7.4% fructose yield aer 4 recycles due to the
accelerated removal of nitrogen content (∼56%).17 Also, the
catalyst preparation was laborious.

Considering the catalyst's durability, low cost, facile
synthesis, and suitability for glucose isomerization, in the
present study, a composite of basic MgO and amphoteric ZnO
was developed by following a conventional sol–gel protocol. The
characteristic MgO represents a nano-size particle that
measures ∼50 nm and exhibits weak base sites predominantly
(>100 mm g−1 CO2), which is favorable for interconversion
reaction.6,14,16,21 Marianou et al. demonstrated the potential of
MgO (containing 1% CaO as an impurity) in the glucose into
fructose conversion, attributed to its weak basicity, which is
dependent on crystal size, surface area, and chemical compo-
sition.14 However, the impurity offering additional strong basic
sites affected the selectivity of fructose via unwanted sugar
degradations, therefore, it reported an average fructose yield
(33%) with 76% selectivity through a 44.2% glucose conversion
under modest conditions. In a typical reaction, Brønsted (or
strong) base conditions can inuence several unwanted degra-
dation reactions, resulting in numerous sugar-derived acids
(including lactic acid), which can further inuence the fructose
to undergo dehydration to form HMF, thereby reducing the
product concentration and selectivity.9 In addition, MgO itself
contains considerable moderate/strong base sites (#50 mm g−1

CO2). For specically reducing the impact of the unfavorable
basic sites in MgO, a substantial nano-size ZnO was added to
represent a ZnO/MgO nanocomposite. The characteristic ZnO is
an amphoteric material;22 therefore, it can regulate the strength
© 2023 The Author(s). Published by the Royal Society of Chemistry
of strong basic sites via neutralization by the inherent acidic
sites. It can also contribute favorably to increasing the number
of weak basic sites. But it measures as a large-size nanoparticle
(∼100 nm) with a hexagonal structure;23 therefore, obviously, it
may accommodate the MgO on its surface while blending.24 In
that case, presumably, the architecture of the nanocomposite
catalyst is such that MgO blocks the ZnO's pores and offers
maximum weak basic sites that can administer the reaction and
improve fructose productivity.21 In this way, ZnO can play a vital
role in modulating the base characteristics of MgO and
enabling a selective glucose transformation.

Experimental
Chemicals and reagents

All chemicals and reagents, including D-glucose, D-fructose, D-
mannose, HMF, ethanol, methanol, magnesium sulfate mono-
hydrate (MgSO4$H2O), deuterium oxide (D2O, 99.9 atom% D),
zinc acetate dihydrate [Zn(CH3COO)2$2H2O] and sodium
hydroxide (NaOH, 50% wt) were purchased from Sigma-Aldrich
(India). Deuterated glucose at C2 (D-[2-2H]glucose) was
purchased from Omicron Biochemicals Inc. (Indiana, USA). All
purchased chemicals were of analytical grade and used as
received. The Millipore water purier system was used to
produce the deionized water (DI) and used in the sample
preparations and dilutions.

ZnO/MgO nanocomposite formulation

A conventional sol–gel method was employed to synthesize
ZnO/MgO nanocomposite, as reported elsewhere.22 Briey,
20 mL 0.5 M of metal salt solutions usingMgSO4$H2O (1.2037 g)
and Zn(CH3COO)2$2H2O (2.1951 g) were prepared separately
using the DI water in a 50 mL beaker. To these individual metal
salt solutions, 5 mL of 0.3 M NaOH was added gradually under
a stirring condition. Aer 24 h of continuous stirring at room
temperature, both solutions were mixed together, then 10mL of
2 M NaOH solution was added and continued the stirring for
another 24 h. The formed precipitate was separated via high-
speed centrifugation (8000 rpm). It was sequentially washed
using DI water and ethanol–water mixture and dried at 70 °C
overnight. The dried solid was ground using mortar-pestle fol-
lowed by calcinated using a programmable muffle furnace
(Thermo Fisher) at 800 °C at 2 °C min−1 rate for 3 h. The
resultant white solid residue was labelled as ZM11. A similar
protocol was followed to prepare a different ZnO/MgO
composite, for which, 0.5 M Zn(CH3COO)2$2H2O (2.1951 g)
and 0.25 MMgSO4$H2O (0.6018 g) were used to formulate ZM21
catalyst, and 0.25 M Zn(CH3COO)2$2H2O (1.0975) and 0.5 M
MgSO4$H2O (1.2037 g) were used for ZM12. The reference ZnO
andMgO catalysts were prepared by following a similar protocol
but using 0.5 M Zn(CH3COO)2$2H2O or 0.5 M MgSO4$H2O
precursors, respectively.

Analytical characterization techniques

The crystallographic structure and phase purity determination
of the as-synthesized catalysts were performed using the X-ray
Nanoscale Adv., 2023, 5, 2470–2486 | 2471
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diffractometer (XRD; Rigaku Smart LAB SE). The machine was
equipped with a Cu Ka radiation source of l = 1.540593 Å. The
samples were scanned from the 10° to 80° range. The crystal
size was calculated using the Debye–Scherrer equation (D = Kl/
b cos q), where K is the Scherrer constant (considered as 0.9), l is
the wavelength, b is the full width at half maximum height
(FWHM) of the sharp peaks and q is the measured angle. The
functional group determination was made using the Fourier
transform-infrared spectrometer (FTIR; Agilent Technologies
Cary 600 series). The surface morphology was analyzed using
the eld-emission scanning electron microscopy instrument
(FE-SEM; HITACHI, SU8010, and Thermo Fisher Apreo 2). The
elemental fraction determination and elemental mapping were
made using the embedded energy-dispersive X-ray spectroscope
unit (EDX). The size and shape determinations were made using
the high-resolution transmission electron microscope instru-
ment (HRTEM; JEOL-JEM-2100 Plus). For the analysis, the
sample was prepared by uniformly dispersing in ethanol and
placing some of it on a carbon-coated grid. The elemental
composition analysis was made using the inductively coupled
plasma-mass spectrometer (ICP-MS; Agilent Varian 715-ES ICP
Optical emission spectrometer). Prior to the analysis, the cata-
lyst was digested in 10 mL ICP MS-grade HNO3 using a micro-
wave digester (CEM Mars 6). The electron structure and
oxidation states of metal ions were determined using the X-ray
photoelectron spectrophotometer (XPS; PHI 5000 VersaProbe
III). The surface area, pore volume, and pore size determina-
tions were performed using the BET analyzer (Quantachrome
Autosorb iQ) by recording the nitrogen adsorption–desorption
isotherms. The total pore volume was calculated by measuring
the amount of N2 adsorbed at a relative pressure (P/P0) of 0.99.
The average pore diameter and volume were calculated by
following the Barrett–Joyner–Halenda (BJH) method. For the
analysis, the sample was degassed at 120 °C for 8 h. The acidic
and basic sites of the catalysts were determined by temperature-
programmed desorption of ammonia (NH3-TPD) and carbon
dioxide (CO2-TPD), respectively, using the BELCAT II instru-
ment, which was equipped with a TCD detector. For this, 55 mg
catalyst was packed in a quartz tube and heated from room
temperature to 500 °C under a He gas stream of 50mLmin−1 for
60 min. Aer the degassing procedure, the hot material was
cooled down to 50 °C and the CO2 and NH3 adsorption was
performed under the continuous He ow (50 mL min−1)
condition. The desorption studies were carried out between 50
and 750 °C at the ramp rate of 10 °C min−1.
Glucose isomerization to fructose over MgO/ZnO composite

In typical batch glucose isomerization, 0.4% wt glucose
(aqueous/alcohol) was loaded in a 35 mL glass reactor. A varying
solid catalyst supply was made from 1 : 12 to 1 : 4 wt on glucose.
The sealed reactor was heated (up to 100 °C) in an oil bath for up
to 165 min under a stirring condition. Aer a specied time, the
reactor was removed and quenched immediately in an ice bath
to arrest the reaction. The post-reaction mixture was collected
and centrifuged at 8000 rpm to separate the liquid and solid
portions. From the liquid portion, an aliquot was collected,
2472 | Nanoscale Adv., 2023, 5, 2470–2486
diluted using DI water, and analyzed on a high-performance
liquid chromatograph instrument (Thermo Scientic, Dionex
Ultimate 3000 series) equipped with an RI detector (maintained
at 50 °C). An Agilent Hi-Plex Ca column (maintained at 80 °C)
was used for the chemical analysis. HPLC-grade water was used
as an eluent owing at 0.6 mL min−1. The yield, selectivity, and
conversion calculations were made using the expressions (eqn
(S1)–(S3)) present in the ESI† and by using calibration charts
prepared using commercial chemicals. Meanwhile, the
collected solid was thoroughly washed using an ethanol–water
mixture followed by oven-dried at 70 °C overnight for reusing.
The recyclability study was conducted by following a similar
protocol but with a recovered catalyst. All the experiments were
duplicated. The data were analyzed using the SPSS soware for
ANOVA analysis. For the product formation conrmation, the
collected liquid portion was freeze-dried and dissolved in 1 mL
D2O. The NMR analysis was performed using a 500 MHz Bruker
Avance Neo NMR spectrophotometer equipped with a DCH
cryoprobe. The recorded 1H and 13C NMR spectra were analyzed
using Mnova soware.
Isotopic labelling experiment and NMR characterization

The reaction mechanism was conrmed via an isotopic label-
ling experiment. For this, a similar isomerization protocol was
followed but with a different substrate and reaction medium. In
Exp-I, labelled glucose (deuterated at C2) was used as
a substrate in DI water. Whereas, in Exp-II, unlabelled glucose
was used as a substrate in the D2O medium. These separate
isomerization reactions were conducted under similar condi-
tions. Upon completion of the reaction, the respective post-
reaction mixtures were collected and the solid catalyst was
separated via high-speed centrifugation (∼8000 rpm). The
liquid portion was freeze-dried and dissolved in 1 mL D2O for
NMR analysis. A 500 MHz Bruker Avance Neo NMR spectro-
photometer equipped with a DCH cryoprobe was used.
Results and discussion
Analytical characterization of the as-synthesized ZnO/MgO
catalyst(s)

Fig. 1a shows the comparative XRD result of pristine (ZnO and
MgO) and nanocomposite metal oxides (such as ZM11, ZM21,
and ZM12). Apparently, all catalyst materials exhibited charac-
teristic intense and narrow diffraction peaks, suggesting their
highly crystalline nature.16 The pristine ZnO exhibited peaks at
31.3°, 34.0°, 35.8°, 47.1° and 56.2° corresponding to (100), (002),
(101), (102), (110) miller indices planes, affirming ZnO's wurt-
zite phase with zincite structure,22 based on the JCPDS card =

36-1451, P63mc. Similarly, MgO had typical diffraction peaks at
35.7°, 42.3°, and 61.8° corresponding to the (111), (200), and
(220) planes, conrming its periclase phase,16 according to
JCPDS card = 04-8209, Fm�3m. Whereas, the composites pre-
sented obvious merged results, specically ZM11 and ZM12.
ZM21 did not show the corresponding peaks for MgO, this
strange behavior insisted on analyzing the XRD pattern. ZnO's
peaks in all composites, mainly (100), (002), and (101), can be
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparative characterization results of the as-synthesized catalyst(s): (a) XRD analysis report, (b) normalized XRD analysis result and (c)
FTIR analysis short-range report.

Table 1 Crystal structure parameters of ZnO's (002) plane in all
synthesized catalysts

Parameters ZnO ZM21 ZM11 ZM12

C-axis length (Å) 5.260 5.220 5.184 5.180
Lattice strain (3, 10−4) 25.00 26.74 37.32 36.54
Lattice stress (s, 1011/Nm2) −0.046 −0.012 0.019 0.022
Dislocation density (d, 10−4/nm−2) 4.09 4.27 10.35 10.50
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seen shied towards a higher 2q angle, suggesting the
displacement of Mg into the ZnO's lattice.16,25,26 This can be
a valid reason for the missing MgO (1/4th level) peak in ZM21, as
maximumMg has already been dislocated to the inner lattice of
ZnO. This lattice diffusion in ZnO can be veried from the d-
spacing values and shis in the peaks (Fig. 1b). Other
composites exhibited all respective peaks of both metal oxides
but with varying MgO's peak intensity because of a different
supplementation. Moreover, the remarkable peak shi and
broadening of peaks corresponding to the incremented Mg in
the composites suggest higher Mg lattice diffusion into ZnO.
The composites' respective peak shi, peak boarding, and d-
spacing values of ZnO's (100), (002), and (101) planes can be
found in Tables S1–S3.† The results clearly show the nearly
identical characteristics of ZM11 and ZM12. The d-spacing
value for the (002) plane in pristine ZnO was estimated as 2.63
Å; however, the value was shied towards the down range for
the composites as 2.61 Å (for ZM21) and 2.59 Å (for ZM11 and
ZM12 having a higher Mg concentration). This indicates the
winding of ZnO's lattice due to the binding of a lower ionic radii
Mg2+ (66 pm) compared to Zn2+ (74 pm); from this, the diffusion
of Mg into ZnO is quite possible via substitution, thereby
enabling the alterations in the lattice plane.28 Due to this, the
crystalline size of the nanocomposites got affected, such as the
pristine ZnO was measured to be 49.56 nm, while ZM21, ZM11,
© 2023 The Author(s). Published by the Royal Society of Chemistry
and ZM12 were measured as 46.07, 32.71, and 33.35 nm,
respectively. These results somewhat affirm the successful
dislocation of Mg into ZnO's lattice plane (002). Moreover,
except for the ZM21, other composites can have surface MgO
because of its load in excess of saturation, i.e., >30% molar
concentration. A similar variation was observed in the results of
(100) and (101) planes of ZnO, as data are present in Tables S1–
S3.† The effect of diffusion of Mg into the ZnO's planes can be
determined from the crystal structure parameters, such as C-
axis length, lattice strain (3), lattice stress (s), and dislocation
density (d), using eqn (S4)–(S6)†. Table 1 displays the parameter
values of the ZnO's crucial (002) plane for all the catalysts,
including pristine metal oxides. From the results, the intro-
duction of Mg into ZnO's crystal lattice makes a notable change
in the composite's crystal structure, for instance, the C-axis
Nanoscale Adv., 2023, 5, 2470–2486 | 2473
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length of the ZnO decreases with an increasing concentration of
the lattice Mg content. Likewise, the lattice stress and strain of
the ZnO's can be seen increased by Mg's incorporation, espe-
cially with ZM11 and ZM12, the lattice stress increased up to 46–
49% (positive strain).24,27 A remarkable change in the disloca-
tion density also conrmed the incorporation of Mg in ZnO,
based on a nearly 2-fold increased value, suggesting that Mg can
create more lattice disorders. But the parameter values of ZM11
and ZM12 appeared nearly equal, indicating less impact of Mg
when loaded above the saturation limit (i.e., in this case, >50%).

The FTIR characterization results (Fig. 1c and S1†) disclose
the absence of surface hydroxyl groups in the catalysts based on
the nil appearance of signicant peaks under the higher wave-
number range (3000–3500 cm−1).22,25 In the results of ZnO, the
notable peaks at 432 cm−1 and 452 cm−1 are attributed to Zn]
O bond stretching frequency. The pristine MgO exhibited
dominant peaks at 410 cm−1, 443 cm−1 and 520 cm−1 corre-
sponding to the metal–oxygen stretching frequency.16,18 A set of
weaker and broaden peaks observed at 1114 cm−1 and
1457 cm−1 belong to the bending and stretching vibrations of –
Fig. 2 XPS characterization results of ZnO (a–c), MgO (d–f), and ZM11 (

2474 | Nanoscale Adv., 2023, 5, 2470–2486
OH and C]O, respectively, which are the surface absorbed
moisture and CO2 contents.26 The composites had several
matching peaks but with varying intensities depending on the
concentration. They also experienced obvious peak shiing at
higher wavenumbers, caused by an intrinsically strong inter-
action between the metal oxides. But the interaction between
metal and oxygen may have a weaker bond strength. Speci-
cally, ZM11 exhibited vibrant peaks at 408 cm−1, 490 cm−1, and
515 cm−1, which are the regulated vibrations of both metal
oxides.27 The ZM12 presented both metal oxide peaks at
408 cm−1, 423 cm−1, 493 cm−1 and 515 cm−1 that established
an obvious MgO dominance. Contrarily, ZM21 exhibited lower
MgO characteristics, based on a weak peak observed at
526 cm−1 corresponding to the MgO's stretching frequency and
the sharp peaks at 435 cm−1 and 489 cm−1 relative to ZnO.

The binding energy and chemical environment of the metal
ions in the catalysts were determined via XPS analysis in the 0–
1350 eV measurement range. All peaks were calibrated using C
1s as an internal reference at 292.8, 285.93, and 285.08 eV for
pristine (MgO and ZnO) and composites. Fig. 2a–i shows the
g–i); inset: XPS survey report).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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comparative survey spectrum of the catalysts; in the spectra,
a slight shi can be noted, likely caused by the metal oxides
interaction, consistent with XRD and FTIR analyses. The results
of ZM11 show (Fig. 2g–i) that the Zn 2p spectrum has four peaks
at 1023.7 and 1025.39 eV corresponding to Zn 2p3/2, and 1046.18
and 1048.39 eV corresponding to the Zn 2p1/2 states.28,29

Specically, the lower binding energy peaks (1023.7 and 1046.18
eV) designate the Zn2+ state of ZnO. The other two peaks
(1025.39 and 1048.39 eV) are assigned to the Zn2+ state present
in the Zn–MgO complex (alloy) formed via lattice incorporation
of Mg into ZnO.27 But, upon deconvolution of spectra of Zn 2p of
ZnO, it produced two sharp peaks at 1023.7 and 1046.18 eV
corresponding to the 2p3/2 and 2p1/2 states of Zn

2+ ions (Fig. 2a–
c), respectively. This conrms that Mg has inuenced the Zn2+'s
binding energy during migration into the ZnO's lattice plane,
leading to the generation of a new chemical environment
around Zn (as Zn–MgO). The spectra of O 1s of ZnO exhibited
two peaks at 530.9 and 532.9 eV (Fig. 2c), which can be inter-
preted as enriched oxygen (O2−) present in the ZnO's crystal
lattice plane. However, the higher binding energy peaks are
interpreted as the oxygen vacancy or loosely bounded oxygen on
ZnO's surface, which could be the O2 absorbed during analysis.
Contrarily, the ZM11 exhibited a single peak at 534.6 eV,
attributed to the oxygen in one chemical environment, con-
rming its predominant metal oxide form. It could be possible
that the interacting MgO has reduced the loosely bounded
oxygen molecules or oxygen vacancies in ZnO, as a result, ZM11
exhibited a single oxygen environment. Mg in pristine MgO and
ZM11 exhibited common peaks at 1312.5 and 1306 eV, corre-
sponding to the Mg 1s (Fig. 2e and g). Suggesting that MgO
retains its own chemical nature even when present in ZnO's
crystal lattice. From the results of pristine MgO, the oxygen has
one oxygen environment and it does not contain hydroxides,
affirming that the oxide formation is only withMg. However, the
ZM11 composite exhibited a remarkable peak shi in all the
elemental peaks compared to the pristine ones (as shown in
Table S4†), likely caused by the formation of Zn–MgO alloy and
the synergetic interaction between the metal oxides.25 While
analyzing the results of the other two composites (ZM12 and
ZM21), they showed no peak splitting for the Zn2+ state. More-
over, the element peak pattern resembled the results of the
pristine metal oxides. Suggesting, no formation of a new metal
alloy (Fig. S2†). However, the observed small peak shi is
caused by the effect of the interaction between the metal oxides.
The results agree with the ndings of the XRD analysis that the
lattice incorporation of Mg is common in all composites but
ZM11 is exceptional in an alloy formation. This is likely attrib-
uted to the strong interaction enabled between the incorporated
Mg and ZnO that is facilitated by an equal ratio composition.
This can be evident from the results of ZM21, which show that it
has only a weak lattice interaction betweenMg and ZnO, despite
the complete dislocation of Mg into the crystal lattice. Only 1s
peak was observed in the XPS spectra of the catalysts and that
corresponded to Mg2+ ions, ruling out the metallic form of Mg.
Moreover, the poor interaction between the incorporated Mg
and ZnO led to a minute small peak shi in the Zn2+ peak (0.56
eV). In addition, the results of ZM12 support the assumption
© 2023 The Author(s). Published by the Royal Society of Chemistry
based on a close resemblance of the survey spectrum. However,
it exhibited a signicant peak shi with Zn2+ (0.70 eV), caused
by the more migration of Mg into the ZnO's lattice, attaining
a higher interaction strength. Moreover, in ZM12, the MgO
nanoparticles appeared to be more dominant than Mg, due to
this, a reduced alloy formation could be achieved, leading to the
yielding of a single peak for Zn2+. Thus, the results imply that
more Mg load can increase its migration into ZnO's lattice, but
their interaction is more upon the formation of a new alloy,
whose extent is favorable under a proportionate metal oxide
supply condition.

The morphological analysis by FE-SEM indicated that the
ZnO contains both pseudo-hexagonal and spherical morphol-
ogies28,29 and is bigger in size compared to MgO (Fig. 3i). MgO
exhibited a distinctive morphology, i.e., tiny and spherical in
shape14,16 (Fig. 3ii). Obviously, the ZM11 showed mixed char-
acteristics of both MgO and ZnO (Fig. 3iii), with a uniform
distribution of MgO on the ZnO's surface, representing
a spherical and basil-type structure.30 The vivid images captured
during SEM-EDX analysis substantiate the wide distribution of
MgO in ZM11 (Fig. 3iv). The analysis also determined the
elemental composition as 25% of Zn, 21% of Mg, and 54% of O
(atom) (Fig. S4†), consistent with the ICP-MS analysis data
(Table S5†). The results of ZM21 and ZM12 verify the inuence
of MgO on the catalyst's morphology (Fig. 3v and vi). ZM21
having a lower Mg present in the ZnO's lattice exhibited the
least impact on the morphology, therefore, the catalyst repre-
sented the maximum characteristics of ZnO. But in ZM12,
MgO's impact can be seen as signicant, i.e., molding the
catalyst into a rigid particle and deforming the hexagonal
structure of ZnO by in-between diffusion (Fig. 3vi).24 The
mapping results validate the consistent elemental concentra-
tion of the catalysts (Fig. S3 and S4†). Comparatively, ZM12
exhibited unique characteristics attributed to the widespread
deposition of an excess MgO on ZnO, affecting the shape of the
backbone ZnO. It could be possible that MgO activates the
aggregation of ZnO. The HR-TEM analysis report authorizes the
catalysts' crystallinity and particle sizes (Fig. 3a–i); most MgO
nanoparticles exhibit a spherical shape measuring in the 20 nm
to 100 nm range,16 with a respective electron orientation (Fig. 3a
and b), based on the particle size distribution curve (Fig. 3c).
The pristine ZnO is represented as the largest size particle,
measuring a 100–220 nm range, of a hexagonal shape31 (Fig. 3d–
f). ZM11 exhibiting a similar size range of 20–100 nm as ZnO
reinforced the speculation that MgO undergoes a lattice diffu-
sion into ZnO, whereby having a strong interaction (Fig. 3g–i),
consistent with the XRD analysis (Fig. 1a). Thus, the results
manifest the structural architecture of the nanocomposite
catalyst (ZM11) that has a signicant amount of MgO attached
to the surface of ZnO.

The conventional Brunauer–Emmett–Teller (BET) method
was employed to gain the surface area, pore volume, and pore
size distribution details of the catalysts. The recorded N2

adsorption–desorption isotherms (Fig. S4†) were found to be
obeying the type-IV hysteresis loop of the IUPAC classication.32

The inuence of the catalyst's inherent chemical composition
on the surface characteristics can be witnessed from the BET
Nanoscale Adv., 2023, 5, 2470–2486 | 2475
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Fig. 3 FE-SEM analysis report of ZnO (i), MgO (ii), ZM11 (iii), mapping result of ZM11 (iv), ZM21 (v), and ZM12 (vi), and HR-TEM analysis report (with
SAED image and particle size histogram) of MgO (a, b and c), ZnO (d, e, and f), and ZM11 (g, h and i).
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and BJH adsorption isotherms. Pristine MgO and ZnO exhibited
a pore size of 2.45 and 2.18 nmwith a surface area of 10.6 m2 g−1

and 18.6 m2 g−1, respectively14,16 (Table 2), indicating that ZnO
offers a 75% higher surface area.33 Whereas, the ZM11
measured even better surface properties, i.e., 2.73 nm and 26.8
m2 g−1 of pores size and surface areas, respectively, which is
likely attributed to the Mg's diffusion into the ZnO lattice and
2476 | Nanoscale Adv., 2023, 5, 2470–2486
their conjugation.25 Therefore, it had a higher pore volume of
0.379 cm3. This improved surface area can also be interpreted as
the blockage of ZnO's pores by the MgO. However, the other
composites showed lower surface properties than ZM11, which
is likely caused by the imbalance in the ratio of MgO/ZnO,
therefore exhibiting the characteristics of the dominant metal
oxide, i.e., higher ZnO content in the composite had maximum
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Results of surface properties measurement (physisorption and chemisorption) of catalysts

Catalyst Surface areaa (m2 g−1) Pore diameterb (nm) Pore volumeb (cm3)

Acidic sitesc (mmol g−1) Basic sitesc (mmol g−1)

Weak Weak Moderate/strong

MgO 10.6 2.45 0.036 31 85 60
ZnO 18.6 2.18 0.043 29 9 3
ZM11 26.8 2.73 0.379 60 121 48
ZM21 9.6 1.53 0.032 31 12 4
ZM12 8.2 1.94 0.020 29 104 29

a BET method. b BJH method. c Chemisorption.
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corresponding characteristics and vice versa (Table 2). Besides,
ZM12 with a high MgO has possibly inuenced the ZnO
aggregation, affecting the surface area of the composite;
however, it exhibited nearly the same characteristics as pristine
MgO. Contrarily, its lower ratio can rene the internal archi-
tecture of the composite due to displacement, resulting in
a decreased pore size as observed with ZM21, leading to deliv-
ering a microporous material with a decreased surface area.
Thus, the results infer that a balanced ratio of metal oxides can
deliver a material of specic qualities for the catalytic reaction.
An improved surface area of ZM11 can expose a higher number
of active sites for binding of the reactant molecules; therefore,
an enhanced conversion can be attained.14,34 The attained wider
pore is an added advantage because the reactant molecules
(glucose measures ∼1 nm in size) can be trapped, which is
benecial to glucose interconversion.35 Thus, the internal
diffusion of Mg into ZnO has decreased the particle size and
improved the surface area and pore volume. The analysis also
determined the acidic and basic strengths of the catalysts using
the temperature-programmed desorption isotherms of NH3 and
CO2, respectively (Fig. S5a and b†). Typically, the peaks observed
under the low-temperature region (50–300 °C) determine the
weak acid and base sites and, beyond, the active moderate/
strongly acidic and basic sites. The pristine MgO has exhibi-
ted typical characteristics, i.e., nearly 31 mmol g−1 (acid sites)
and 60–85 mmol g−1 weak to moderate/strong (base sites)14,16

(Table 2). Similarly, ZnO possessing amphoteric characteris-
tics36 had an equal acid strength (weak) to MgO, but with slight
basicity (3–9 mmol g−1 of weak to moderate/strong), therefore, it
can play a signicant role in the reaction by contributing to the
number of weak basic sites (favorable for glucose interconver-
sion) and suppressing the strong basicity of MgO in ZM11. The
results of ZM11 evidenced the alterations enabled by the ZnO
that it showed as high as has 121 mmol g−1 of weak base sites
with reduced strong basic sites (down to 48 mmol g−1 from 60
mmol g−1). However, its weak acidic sites were found to be
doubled (60 mmol g−1). These benecial changes in the
composite are attributed to the sturdy and synergic interaction
between the metal oxides and the formed alloy (Zn–MgO),
thereby exhibiting mixed characteristics of increased weak
basicity but with a weak acidity. But the strategy was found to
work only with the ZM11 formulation. Because the ZM21
exhibited similar acid–base characteristics as ZnO, i.e., 31 mmol
NH3 per g and 4–12 mmol CO2 per g, the result is reasonable as it
© 2023 The Author(s). Published by the Royal Society of Chemistry
has a higher ZnO concentration (Table 2). Therefore, it may not
have a surface MgO and synthesize an alloy, which are said to be
responsible for the basicity of a catalyst.50 ZM12 containing
a higher molar ratio of MgO exhibited corresponding charac-
teristics, i.e., 29 mmol NH3 per g and 104–29 mmol CO2 per g,
ascribed to the large binding of MgO with ZnO, therefore,
offered a relatively large surface area than ZM21 and weak acid
sites predominantly. Similarly, it has not been involved in the
formation of an alloy based on the XPS analysis. Of all the
composites, ZM11 stood out with superior surface area and
basicity parameters, attributed to mainly the alloy formation
rather than the strong interaction between the metal oxides.
Owing to the higher weak base sites14 with reduced moderate/
strong base sites by the impact of ZnO incorporation, ZM11
can be effective in the interconversion of glucose into fructose.

Effectiveness of the as-synthesized MgO/ZnO nanocomposite
on glucose isomerization

Having conrmed the characteristics of ZM11 via comprehen-
sive analytical techniques that it can expose maximum weak
basicity, which is favorable for glucose interconversion,14 its
effectiveness was evaluated at 100 °C in water. The results
testimony the nanocomposite's ability in the reaction by
achieving 31.3% fructose yield and 82.8% selectivity through
a 37.8% substrate conversion within 90 min. However, it
enabled usual side product(s) formations, such as 2.5%
mannose and 1.4% allulose, under basic conditions.37 Its
productivity is comparatively better than that of pristine and
other composite catalysts under similar conditions (Fig. 4a and
S7†). For example, the pristine ZnO exhibiting predominant
weak acid sites has hardly promoted the conversion, achieving
only 1.9% fructose and 67.97% selectivity through a 2.8%
glucose conversion. This is likely caused by the inherently lower
number of acidic sites that are not adequate for promoting the
reaction in water. But it could control the unwanted reactions,
as glucose normally encounters inevitable degradations under
a chemical environment to form humin (an unstructured
carbohydrate-derived product) prevalently.6 Therefore, the loss
of substrate was only 32% (relative) to yield, possibly HMF to
a small extent,9,38 excluding the untraceable humin, consistent
with the carbon balance (Table S6†). The pristine MgO exhib-
iting a considerable number of weak and moderate/strong basic
sites showed a contrary isomerization result, i.e., producing
29.8% fructose but with a relatively lower selectivity of 56.4%
Nanoscale Adv., 2023, 5, 2470–2486 | 2477
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Fig. 4 Comparative results of glucose isomerization: (a) fructose formation over different catalysts at 100 °C and 1 : 8 wt catalyst loading on
glucose after 90 min; (b) corresponding first-order kinetics of glucose isomerization in water over different catalysts up to 150 min; (c) effect of
catalyst (ZM11) loading at 100 °C after 90 min; (d) effect of temperature at 12.5% catalyst loading after 120 min in an aqueous medium. The data
are an average of two runs. The error bars represent the standard error. The asterisks * and ** denote the significant and non-significant nature of
the mean data via two-way ANOVA analysis (at a = 0.05).
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(through 52.8% glucose conversion).16 From this, the moderate/
strong base can inuence the unwanted degradations,39

resulting in a 43% glucose consumption and 31% reduction in
selectivity compared to ZnO. Whereas, the ZM21 composite
exhibiting similar characteristics as ZnO (31 mmol g−1 weak
acidic and 12 mmol g−1 weak basic sites) achieved an almost
similar yield result of 2.1% fructose with 38.1% selectivity. The
ZM12 containing a higher MgO concentration has shown an
obvious efficiency similar to MgO (25.3% fructose yield and
79.7% selectivity) through a 31.7% glucose conversion. From
the results of pristine MgO and ZM12, the aggressiveness of the
strong basic sites in sugar degradation to unwanted products
can be witnessed. Thus, the efficiency of ZM11, especially
fructose selectivity, can be correlated to the weak basic sites
generated by the synergism of metal oxides. The impact of
basicity (both weak and moderate/strong) on glucose disap-
pearance can be substantiated from the kinetic results deter-
mined by applying the assumptions (eqn (S7) and (S8)):† (i) the
reactant and product molecules do not undergo a further
equilibrium with other possible sugars (such as mannose using
glucose and allulose using fructose as when forms)16 and (ii) the
conversion is rst-order. The pristine MgO has accelerated the
conversion with rGlu-MgO = 1.5 × 10−4 s−1 (Fig. 4b), and
2478 | Nanoscale Adv., 2023, 5, 2470–2486
contrarily, the ZnO exhibited a slower rate of glucose degrada-
tion with rGlu-ZnO = 5.1 × 10−6 s−1. Whereas, the ZM11 exhibi-
ted a bit faster rate, i.e., rGlu-ZM11 = 1.1 × 10−4 s−1, compared to
other nanocomposites (rGlu-ZM21 = 1.1 × 10−5 s−1 and rGlu-ZM12

= 8.5 × 10−5 s−1). Between ZM21 and ZM12, the latter's faster
acceleration is attributed to the higher magnesium content.
While correlating the ndings of the analytical characteriza-
tions, the enabled glucose degradation with a better speed by
the composites compared to ZnO is rational. However, the
elemental composition had implications for glucose degrada-
tion. The superior kinetics of ZM11 can be interpreted as the
increased catalytic sites offered by the MgO settled on a wider
ZnO's surface and alloy formation (Zn–MgO) exhibiting
a favorable weak base condition. This can be found consistent
with the calculated turnover frequency (TOF; no. of moles of
fructose formation to no. of active sites per unit time) in water at
90 min with a measure of 1.12× 10−5 mmolFru/molActive site/s for
ZM11, 1.28 × 10−5 mmolFru/molActive site/s for ZM12 and ∼1.0 ×

10−5 mmolFru/molActive site/s for ZM21. Except for ZnO, all
catalysts accompanied the production of mannose as a side
product up to 3% formed via both glucose C2 epimerization and
fructose C2 isomerization, regardless of the base characteris-
tics. Under a base condition, its formation using glucose also
© 2023 The Author(s). Published by the Royal Society of Chemistry
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follows the LdB–AvE mechanism by synthesizing a Z-congu-
ration enediol intermediate,9,40 whose structure is such that it
allows a rapid transfer of hydrogen between the two oxygens to
form mannose and fructose parallelly.37 However, the rate of
glucose epimerization is slower than fructose isomerization to
mannose due to the monosaccharide cyclization issues.41

Assuming the weak acidic sites had nil effect on the side
product interconversion, which is enabled via a contrary
glucose C2–C1 carbon shi pathway.42

Subsequently, the optimization of the important processing
parameters was carried out by employing a conventional tech-
nique, i.e., varying one variable at a time. From the results of
a varying catalyst load (ZM11) on glucose from 8–25% wt, the
impact of the catalyst on glucose degradation is signicant
(Fig. 4c and S8a†). The glucose conversion and selectivity
responses were found to t a linear trend with R2 = 0.78–0.94.
The result also sanctions the prociency of ZM11, in that, it
could form signicant fructose (24.3%) under a 12-times lower
supply of catalyst on glucose. Maximum fructose yield was
attained at 12.5% loading (likely attributed to a balanced ratio
of the substrate and catalytic sites) and, beyond, attained
a reduced fructose yield (from 31.2 to 26.9%), despite
continuing glucose consumption (relatively 32%). This refers to
the increased unwanted side reaction(s) (Table S6†) under high-
severity conditions (i.e., excess active sites, high temperature,
and prolonged reaction), as discussed elsewhere.6,16,38 Similarly,
the responses were recorded under extended times by keeping
other parameters constant. It can be seen that the shorter
reaction times (<90 min) at 100 °C in water are not effective
(<15% fructose yield) due to the impact of the catalyst's activa-
tion energy, but improved fructose's selectivity reaching 92%.
The prolonged reaction of 90 min was found to be optimum,
and a further extended reaction of up to 150 min resulted in
reduced productivity (∼27% fructose and 56% selectivity) likely
caused by the enhanced sugar degradation. The varying
temperatures from 80 °C to 100 °C have inuenced fructose
production (Fig. 4d and S8b†); for example, at 80 °C, early 26.8%
fructose and 81.3% selectivity were attained naer 120 min.
Typically, a prolonged reaction is operative under low-
temperature conditions. In the raised temperature conditions,
90 °C was found to be the optimum (yielding 33.7% fructose
and 80.7% selectivity aer 120 min). A higher temperature (>90
°C) attained a signicant reduction in productivity (20–25%
yield and selectivity), caused by the reactant and product
degradations through a relatively 8% higher glucose
consumption (Table S7†).9
Effect of alcohol on glucose isomerization over MgO/ZnO
nanocomposite

The parameter optimization suggested that the active sites
(weak basic and acidic) offered by both MgO and ZnO are
inuential. From the literature employing basic or acidic cata-
lysts, polar protic organic solvents, such as alcohols, can further
improve productivity by stabilizing the transition state mole-
cules (whose stabilization is important to control the unwanted
product formations).43 Based on the structure calculations, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
OH moieties of the solvent or metal oxide can involve a charge
compensation of the glucose anion resulting in an abstraction
of a proton by the base catalyst and stabilization, thereby
promoting the reaction synergistically.44 Also, they can alter the
shi in the glucose to fructose equilibrium towards fructose,
thereby improving the fructose concentration. In a typical
reaction, water is helpful,9,15 ascribed to the relatively higher
polarity, dielectric constant, and the extent of sugar dissolution
and ionization properties, but it allows sugar degradation (to an
extent). Therefore, many have supplemented alcohol in the
reaction medium to improve product selectivity by controlling
the side reactions. Considering alcohol's assistance in the
reaction (enriched fructose formation), ethanol/methanol at
different proportions from 4 : 1 to 1 : 1 vol water/alcohol was
supplemented to the medium. The results obtained under
optimum conditions evident the support of alcohol (Fig. S9†) by
achieving 9–12% higher fructose selectivity than water medium
(∼80.7%). However, the fructose formations varied depending
on the concentration and property (probably dielectric
constant, 3) of alcohol. For instance, the one-fourth ratio of
alcohol to water achieved a nearly 26.9–32.3% fructose, while an
equal ratio mixture attained a relatively lower yield (21–35%).
This difference in the yield can be, at least, linked to the impact
of sugar ionization and dissolution by an increased alcohol
ratio, based on the results of the water medium (33.7%), though
water allowed a higher sugar degradation (Table S8†) attributed
to the mentioned properties. Comparatively, methanol (3 =

32.7) exhibited a better performance by achieving a relatively
20% higher fructose yield with 11% selectivity aer 120 min
than ethanol (3= 24.5) (Fig. 5a), referring to the implication of 3-
factor.45 The results validated the assumption that alcohols can
improve selectivity by regulating the undesired side reactions.43

When the reaction was continued to 150 min, it attained
a slightly improved fructose synthesis (35.5%) and selectivity
(89.8%) with 0.8% of mannose and 1.13% of allulose forma-
tions (as byproducts) in W/MeOH (4 : 1 vol). The result is
comparatively far better than that obtained on other catalyst
formulations, including pristine metal oxides, i.e., relatively 2 to
4-fold low, as shown in Fig. 5b. The prolonged reaction of up to
165 min exhibited a nominal difference in fructose formation
and in fact, reduced the selectivity by 4–8% (relatively),
pronouncing the impact of higher reaction severity.38,46 Fig. 5b
and S10† display the comparative result of glucose isomeriza-
tion over MgO/ZnO pristine and composite catalysts in 4 : 1 W/
MeOH. From the results, the system modication by employing
methanol has little effect on fructose formation. But the
improved selectivity (87.2–95.5%) with the catalysts having
a higher ratio of ZnO (such as ZnO, ZM11 and ZM21) can be
interpreted as the role of methanol in altering the ZnO's acidic
properties based on the results of pristine ZnO in water and 4 : 1
W/MeOH vol mediums. The specicity of methanol in trig-
gering the acidic sites of ZnO can be veried from the results of
other catalysts (such as pristine MgO and ZM12), which offer
a higher moderate/strong basicity, that attained similar
productivity compared to the water medium (i.e., 22.5–29.7%
fructose yield and 48.8–79.7% selectivity under varying condi-
tions). This suggests that ZnO's acidic sites also inuence the
Nanoscale Adv., 2023, 5, 2470–2486 | 2479
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Fig. 5 Comparative results of glucose isomerization in aqueous-organic medium: (a) effect of alcohol on fructose formation over ZM11 at 90 °C
up to 150 min and (b) productivity of different catalysts in W/MeOH (4 : 1) at 90 °C up to 150 min. The data are an average of two runs.
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glucose transformation when the catalysis is performed in
supplemented methanol medium (Table S9†). However, the
kinetic trend was found to be as similar to an aqueous medium,
i.e., MgO and ZM11 had faster kinetics of rGlu-MgO = 1 × 10−4

s−1 and rGlu-ZM11 = 6 × 10−5 s−1, respectively, than others (rGlu-
ZnO = 1 × 10−5 s−1, rGlu-ZM21 = 1 × 10−5 s−1 and rGlu-ZM12 = 4 ×

10−5 s−1) (Fig. S11†), suggesting that ZnO's inuence is specif-
ically on the reaction selectivity. The calculated turnover
frequency in W/MeOH (4 : 1) at 150 min for the composites were
7.6 × 10−5 mmolFru/molActive site/s for ZM11, 6.8 × 10−5

mmolFru/molActive site/s for ZM12 and ∼1.0 × 10−4 mmolFru/
molActive site/s for ZM21. Moreover, the results of ZM11 represent
an achievement when compared to the literature, wherein
complicated catalyst materials were employed (e.g., NH3-treated
metal oxides, metal–organic frameworks (MOFs), modied
zeolites, etc.) under elevated conditions (>100 °C) that afforded
∼32–34% fructose and ∼65–85% selectivity.6,7,17
Scheme 1 Proposed mechanistic pathways of glucose into fructose infl

2480 | Nanoscale Adv., 2023, 5, 2470–2486
Subsequently, the ZM11's recycling efficiency was evaluated.
It resulted in similar productivity up to 5 times of recycling, with
an average fructose yield of 35% and selectivity of 90% under
optimum conditions (Fig. S12†). While verifying the structural
characteristics of the recycled catalyst via XRD analysis, it
retained the original conguration (Fig. S13†), suggesting
a minimum deposition of impurities on the catalytic surface
owing to the minimum development of unwanted side prod-
ucts, including humin, based on higher fructose selectivity
(90%). The results also exemplify the coherence of the metal
oxides via ionic interaction, resulting in controlled elemental
leaching in a water/alcohol medium.

Conrmation of the reaction pathway and catalytic activity via
NMR analysis

The presumption that the weak basic sites govern the glucose
interconversion is based on the results of ZM11 (Fig. 4 and 5).
uenced by the acidic and basic sites of a catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The incorporated amphoteric ZnO offering considerable weak
acid sites has been involved actively in reducing strong basic
sites of MgO via neutralization (Table 2), thereby controlling the
unwanted sugar degradations. If so, the reaction should follow
the principle of LdB–AvE by the formation of a 1,2-enediol
intermediate via a proton transfer mechanism (Scheme 1).9 By
any chance, if the acidic sites of the composite were to inuence
the reaction, then it could have proceeded via a contrary 1,2-
hydride shi mechanism to form fructose.8 Under this
circumstance, active participation of the basic or acidic sites
can be delineated from the isotopic labelling experiments via
NMR analysis.38 For this experiment, two separate isomeriza-
tion reactions were performed; in Exp-1, the labelled glucose
(deuterated at C2) was used as a substrate in DI water, whereas
in Exp-2, non-deuterated glucose was used but in D2O medium
under optimum conditions. The dislocation of deuterium
between the C1–C2 positions in glucose/fructose can conrm
the reaction pathway. When the transfer of deuterium from the
medium to C2 of glucose due to the abstraction of a proton by
MgO (assumption), the rearrangement can be interpreted as
a base-catalyzed transformation through the formation of an
enediol intermediate. The alternate mechanism can be
conrmed through the migration of the deuterium from C2 to
C1 of fructose when using the labelled glucose (at C2). Fig. 6
shows the comparative 13C NMR spectra of the reference sugars
(glucose and fructose) and the post-reaction mixture of Exp-1
and Exp-2. Firstly, the results conrm the formation of
Fig. 6 13C spectra of (a) unlabelled glucose, (b) unlabelled fructose, (c)
post-reaction mixture of labelled glucose isomerization in water, and (e

© 2023 The Author(s). Published by the Royal Society of Chemistry
fructose over ZM11 in water based on the matching peaks. From
the glucose's corresponding peak intensity, the substrate
encounters a slight degradation to unwanted product(s)
formation, consistent with the selectivity results (Fig. 4a–d). The
product selectivity can be veried from the absence of any other
irrelevant peaks in the spectra. In the spectra of post-reaction
mixtures, the rigid and intense peaks observed at 98.04, 69.65,
69.17, 67.54, 63.86, and 63.33 ppm correspond to C2, C3, C4, C5,
C1, and C6 carbon of a-D-fructopyranose. In water, fructose is
available in three isomeric forms, such as b-D-fructopyranose, b-
D-fructofuranose, and a-D-fructopyranose, which can be
conrmed in the reference fructose spectrum. However, the
post-reaction mixtures barely showed their presence, likely due
to the higher residual glucose concentration than fructose. As
a result, glucose can establish the two isomeric forms (such as
b-D-glucopyranose and b-D-glucofuranose) in an aqueous
medium based on the matching peaks with the reference
glucose. When analyzing the 1H NMR data (Fig. 7), the corre-
sponding peaks of fructose from the reaction mixtures appear
to merge. But, those can be seen matching with the reference
fructose's peaks of b-D-fructopyranose and b-D-fructofuranose at
d = 3.62 and 3.67 ppm, respectively.

Furthermore, while verifying the fructose formation path-
ways using the 1H and 13C spectra of Exp-1 and Exp-2 (as given
in Fig. 6 and 7), a triplet observed at 73.64 and 70.94 ppm cor-
responding to the C2 carbon of the deuterated glucose
conrmed the nil exchange of a proton between glucose and
post-reaction mixture of reference glucose isomerization in water, (d)
) post-reaction mixture of unlabelled glucose isomerization in D2O.

Nanoscale Adv., 2023, 5, 2470–2486 | 2481
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Fig. 7 1H NMR spectra of (a) unlabelled glucose, (b) unlabelled fructose, (c) post-reactionmixture of labelled glucose isomerization in water, and
(d) post-reaction mixture of unlabelled glucose isomerization in D2O.
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water (medium). However, fructose exhibits a doublet at 63.86
and 63.30 ppm of C1 and C6 carbons, respectively. This can be
explained in multiple ways by correlating the catalyst's activity;
in one main aspect, the catalyst has acted as acid or base or
otherwise in combination. If the reaction is progressed by the
effect of weak acid sites, then the C1 carbon peak should
represent a triplet due to the presence of the deuterium at C1 of
fructose, but it remained a singlet (as can be noted in Fig. 6),
suggesting the precedence of the reaction via a proton transfer
pathway over the basic sites. In the event of coordinated acti-
vation of glucose conversion by both acidic and basic sites, the
C1 of fructose should display both singlet and triplet forms, but
it was not observed in the spectra of Exp-1 and Exp-2 (where
glucose was isomerized in D2O). Moreover, the 1H NMR spec-
trum (Fig. 7) displays the extinction of peaks at 3.56 and
3.54 ppm of C1 (fructose), suggesting a probable occurrence of
the proton transfer mechanism. Similarly, the 13C NMR spec-
trum of Exp-2 displays (Fig. 6) an intense triplet instead of
a singlet due to the presence of the deuterium, which can split
the C1 carbon peak caused by the nuclear Overhauser effect
(NOE).38,47 Thus, the results authenticate the major reaction
pathway via a proton transfer mechanism ascribed to the cata-
lyst's basic effect. This can be further conrmed by quantitative
NMR analysis (qNMR). In Fig. 8, Exp-1 shows four peaks at
63.86, 63.28, 62.65, and 62.27 ppm corresponding to C1 and C6
of fructose of two isomeric forms (b-D-fructopyranose and b-D-
fructofuranose). Upon the integration of the peaks, no signi-
cant fall in C1's peak intensity (hardly a 1% difference) was
observed when compared to C6, suggesting that the carbons
have almost the same chemical environment. This slight
reduction in C1's intensity can be correlated to deuterated
fructose formation by the acidic sites' effect promoting the 1,2-
hydride shi mechanism. Thus, the analysis conrmed
glucose's maximum proton transfer mechanism into fructose.
2482 | Nanoscale Adv., 2023, 5, 2470–2486
Based on the NMR analysis, a plausible reaction mechanism
can be proposed. From the optimization results, ZM11 exposing
maximum weak basic sites is promising and can enable the
conversion via proton transfer (or LdB–AvE mechanism).
Moreover, ZM11 has surface-attached MgO nanoparticles and
Zn–MgO alloy; characteristically, both can provide the basicity
for the reaction. As it is understood, ZnO can also provide acidic
sites, the maximum of which can be engaged in the neutrali-
zation of the strong basic sites of MgO. As per the TPD results,
a few sites are in the free form. Therefore, MgO offering weak
basic sites can promote the reaction. In that case, MgO can form
a strong complex with glucose at C2 (Scheme 2) through an
interaction, resulting in the development of a 1,2-dienediol
intermediate due to deprotonation at C2.16 This is likely
possible in a basic medium established by exposed Mg–OH
species, whose formation can be by an interaction between the
catalyst's surface deposited MgO and surrounding water mole-
cules. The resultant is an unstable compound, which can be
stabilized by the glucose–MgO complex. However, the complex
molecule can also be inuenced by the moderate/strong basic
sites of MgO to undergo unwanted glucose degradations. This
unwanted activity can be controlled by the ZnO present in the
composite via the suppression of the strong basic sites, thereby
allowing the composite to expose a higher number of weak basic
sites. In this way, the composite could enable a selective glucose
conversion. Eventually, the complex molecule involved in
a proton transfer from the Mg–OH to the oxygen of the C1
carbon via a four-membered transition state ultimately forms
fructose.
Green matrices of the glucose interconversion process

From an upscaling perspective, the green metric parameters
(such as environmental factor (E-factor), process mass intensity
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 The proposed mechanism of glucose isomerization to fructose over ZM11 (for the sake of clarity, MgO's interaction is only denoted
here).

Fig. 8 Quantitative 13C NMR report of labelled glucose isomerization in water.
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(PMI), atom economy (AE), and carbon efficiency (CE%)) of the
glucose interconversion to fructose process were calculated.48,49

These parameters normally determine a chemical process's
feasibility and sustainability. For example, the E-factor signi-
fying the process's environmental impact by accounting for the
waste disposal should range between 1 and 5 for a chemical
process. In this case, the value was found to be within the range
(E = 1.67) (Table S10†). The PMI signifying a process's
© 2023 The Author(s). Published by the Royal Society of Chemistry
sustainability (i.e., mass of reactant to the mass of product
formation) was estimated to be 2.67, which is on the slightly
higher side when compared to the value of an ideal process
(PMI = 1.0). This deviation is likely caused by the reverse
formation of glucose by using fructose (product). Moreover, the
process's AE was found to be 100%, establishing a good
conversion efficiency of reactant into products. The carbon
efficiency of the reaction was obtained as 37.44.
Nanoscale Adv., 2023, 5, 2470–2486 | 2483
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Conclusions

The present study demonstrated the strategy of ne-tuning the
base characteristics of the widely available MgO using the
amphoteric ZnO and the efficiency of the MgO/ZnO nano-
composite in a selective glucose conversion to fructose. The
characteristic MgO possesses both weak and moderate/strong
basic sites, but only the Lewis basicity is favorable for selec-
tive glucose conversion. Upon blending of MgO with ZnO at an
equal ratio, ZnO accommodated maximum MgO on its surface
via pore blockage (i.e., Mg into ZnO's framework), with an even
dispersion trend, and reduced the unfavorable medium/strong
basicity signicantly. Thus, the nanocomposite offering
maximumweak basic sites (mainly attributed to a Zn–MgO alloy
formation) exhibited promising performance by achieving as
high as 36% fructose yield and 90% selectivity under modest
conditions in a water/methanol medium. The result is
comparatively better than that from the literature employing
a complex catalyst under elevated conditions. Moreover, the
MgO/ZnO (1 : 1 wt ratio) exhibited good durability during recy-
cling. From the NMR analysis, it is found that the interconver-
sion reaction is dominated by the proton transfer pathway
attributed to the weak basic sites offered by the surface-
deposited MgO and Zn–MgO alloy. The insights into the ne-
tuning of crucial characteristics of a solid catalyst will help
design other inexpensive heterogeneous catalysts to produce
fructose at a relatively cheaper cost towards a feasible bioenergy
development.
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J. Čechal, C. Blackman, I. Parkin and C. Cané, ZnO Rods
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