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Abstract

Developing a chemoselective catalyst for the acetalation of biomass-derived glucose to alkyl glycosides has
been recognised as an emerging field due to its wide range of applications. The present study focuses on
synthesising sulfate functionalised niobium oxide-based (NbOx-DS) catalyst to introduce medium/strong acidic
sites that contribute to the catalytic activity towards glucose acetalation, which has not been explored
previously. The nanosized NbOx-D is prepared via a precipitation approach using niobium chloride and
diethylamine as a precursor and precipitating agent, respectively. The sulfate groups incorporated NbOx-DS
gives a good yield of ethyl glucosides (60%) with excellent selectivity (97%) in ethanol. On the other hand, the
sulfate groups incorporated into the commercial niobium oxide (NbOx-CS) exhibits poor catalytic activity,
yielding 6% ethyl glucoside with a low selectivity (8%). FTIR analysis corroborates the incorporation of sulfate
groups in the NbOx-DS matrix, unlike NbOx-CS. XRD pattern of NbOx-DS shows a lower angle shift of a peak
to 23.5° compared to parent NbOx-D (24.32°), indicating lattice expansion due to the incorporation of sulfate
groups, and no such a shift in the case of NbOx-CS is observed. NHs-temperature programmed desorption
(NH3-TPD) reveals that NbOx-DS possess a 2.1-fold higher number of acidic sites than NbOx-D, whereas

NbOx-CS possess a negligible number of acidic sites, indicating the significance of the synthesis procedure of
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NbOx-D for efficient incorporation of sulfate groups. NbOx-DS displays recyclability for at least three runs

with minor loss in the activity. In a nutshell, the current study reflects that NbOx-DS obtained via precipitation

followed by sulfate groups incorporation increases the medium/strong acidic sites, which contributes

significantly to enhancing the ethyl glucoside selectivity (97%).
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1. Introduction

The 21 century is witnessing a continuous increase in the demand for chemicals and fuels due to the increasing
global population. The exponential growth in the industrial sector is constantly dwindling as it predominantly
relies on non-renewable fossil resources, thus necessitating the search for more sustainable alternatives. In this
regard, terrestrial lignocellulosic biomass is an indispensable, sustainable carbon-rich source that has the
potential to substitute fossil feedstocks for the production of a diverse range of fine chemicals [1-3]. Mainly,
cellulose is the major component (> 50%) of most lignocellulosic biomass than hemicellulose and lignin,

composed of glucose units connected with B-1,4 linkages, thus making glucose a potential substrate for the
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production of value-added products. However, the effective utilisation of glucose is challenging for chemical
industries due to the formation of undesired byproducts or humins during the process, which not only reduces

the process efficiency but also inhibits the catalytic reactions by the deactivation of active sites. [4-5].

As mentioned above, glucose can be used as a starting substrate to produce a wide range of chemicals,
such as 5-hydroxymethyl furfural (5-HMF), glucaric acid, lactic acid, levulinic acid, and alkyl glucosides (AGs)
via dehydration, oxidation, hydrogenation, and acetalation, respectively [6-11]. Among all these reactions,
acetalation is a well-known biological, chemical and pharmaceutical process. The acid-catalysed acetalation of
glucose with alcohols is considered a crucial reaction in many industries, such as Integrated chemicals
specialities, Nouryon, WanQi, Libracare, Norfox, IRO coating additive Co., Ltd and BASF, for the synthesis of
AGs [12-16]. AGs are known for nonionic bio-based surfactants with huge applications in pharmaceuticals,
cosmetics, emulsifiers, and cleaning processes [17]. AGs, such as Libracare APG06, a hexyl glucoside-based
surfactant, is highly stable in basic media and thus suitable for industrial cleaning agent [18]. The market size of
AGs is anticipated to reach USD 911 million and is further expected to grow with a compound annual growth
rate (CAGR) of 5.6% by 2026 [19]. Despite their large market size, AGs are relatively expensive compared to
surfactants derived from non-renewable resources having similar properties [20-21]. This indicates the
requirement for the upgradation of the process with robust catalytic systems. Currently, AGs are produced by
using sulfuric acid as the sole catalyst with glucose as starting substrate, affording a 70% yield of alkyl
polyglycosides [21, 22-24]. However, this process entails neutralising the effluent using the basic solution of
sodium hydroxide, leading to the formation of salt (Na,SO4), which is undesirable. In addition, the process
exhibits environmental hazards, corrosion to the reaction vessel, relatively lower yield, undesired product
formation, and non-separation of salt from the reaction mixture. To overcome these issues, heterogenous
catalysts containing a large number of acidic sites are required to replace traditional homogeneous acid catalysts

[25].

Solid acid catalysts are pivotal in catalysis, offering easier separation, recyclability and higher thermal
stability [26-27]. In this regard, solid acid catalysts such as sulfate acid—silica gel (H.SO4/SiO,), Amberlyst-15,
Nafion SAC-13, SO;H-SBA-15 and H3PW 2049 have been reported for the production of AGs, giving moderate
to good yields of AGs (40-80%) [28-31]. However, these catalytic systems produce many unwanted byproducts,
possibly deactivating the active catalytic sites, thus limiting their activity and viability compared to homogenous

acids. To overcome the abovementioned disadvantages, functionalised polymeric materials have been
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developed, such as polystyrene-supported sulfonic acid and polyvinyl trisulfonate ethylamine-based catalysts for
the acetalation reactions [32-33]. However, the highly tedious synthesis procedure, entailing malignant
toxic/hazardous chemicals such as triethanolamine, chloroethanol, and chlorosulfonic acid with bulky organic
functional groups, limits its industrial applicability. In line with this, over the past few years, water-tolerant solid
acid-based catalysts, such as Nb,Os and ZrO,, have been investigated due to their high thermal stability and
tuneable acidic properties [9, 34-35]. Usually, while performing catalytic experiments in aqueous media, several
solid acid catalysts lose their activity because of active site poisoning via the formation of lewis acid-base
adduct, thus not industrially viable. For example, in an aqueous medium, sulphated zirconia and zeolite-based
catalysts exhibited a significant decline in the catalytic activity towards hexane isomerisation and phenyloxirane

hydrolysis reactions, reflecting acidic site deactivation by water [36,37].

Interestingly, being a water-tolerant solid acid catalyst, NbOx showed enhanced activity in the
hydrolysis of phenyloxirane than zeolite [36] and in glucose dehydration to 5-HMF. Therefore, developing
water-tolerant acidic niobium oxide is an exciting approach for the acetalation reactions as water forms as a
byproduct. Various niobium oxide-based catalysts, such as ternary nanocomposites (Nb,OsRGO/Mo00O3), Nb,Os
grafted on glass foams, niobium carbides, and niobium oxyhydroxide, have also been widely studied for
different reactions, including photocatalytic applications, dye degradation for removal of water pollutants and
carbon dioxide conversion to fuels and chemicals; thus, implying the broad range applicability of niobium oxide
as a potential catalyst or as a support in catalytic industries [38-41]. The robust nature of Nb>Os has stimulated
researchers worldwide for its catalytic application, but lacking in medium/strong Bronsted acidic sites, which
are required for various reactions, such as dehydration, acetalation, and trans-esterification reactions [42-44].
Incorporating the sulfate groups in the NbOx matrix is an effective strategy for enhancing the Bronsted acidity,
which has a similar strength to sulfuric acid-based catalysts and has received much attention recently due to its
versatile applications in the chemical industries. The major issues with the reported NbOx-based catalytic
system are the formation of humins and lower thermal stability, consequently reducing selectivity towards the

desired product and thus deactivating the active sites on the catalyst surface [45-49].

Here, we report the synthesis of sulphate groups incorporated Nb,Os and their characterisation with
various techniques, such as XRD, FTIR, NH;-TPD, BET, HR-TEM and TGA. The characterised material is

examined for the acetalation of glucose in ethanol to obtain ethyl glucosides. The catalytic activity of Nb,Os
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before and after incorporating sulfate groups is also studied to emphasise the role of medium/strong Bronsted

acid sites towards acetalated products.

2. Experimental

2.1. Materials

Niobium chloride, diethylamine, sulphuric acid, D-glucose, and niobium oxide were bought from
Sigma-Aldrich. Absolute ethanol (99.8%) was purchased from Fischer scientific chemicals. Ethyl-a-
glucopyranoside and ethyl-p-glucopyranoside were purchased from Biosynth carbosynth. All the chemicals

were directly used as received.

2.2. Catalyst preparation

Niobium oxide was first prepared using niobium chloride as a metal precursor and diethyl amine as a
precipitant, followed by hydrothermal treatment. In a typical procedure, 0.4 mol of niobium chloride was
dissolved in an appropriate amount of water, and then 2.0 mol of diethylamine was added dropwise. Afterwards,
the solution was transferred to Teflon lined autoclave and sealed properly with the help of a torque wrench to
avoid pressure leakage and kept in the oven at 140 °C for 20 h. The mixture was then allowed to cool down
overnight. The formed white precipitate was filtered off, washed with a water-methanol mixture to neutral pH,
and dried in the hot-air oven at 80 °C. The dried powder was ground well with a mortar and pestle and
transferred to a quartz crucible for calcination under static air at 400 °C for 4 h at a ramp rate of 2 °C/min, and

the final product was designated as NbOx-D.

An appropriate amount of niobium oxide was refluxed in the diluted aqueous sulfuric acid at 80 °C for
3 h. The slurry was then filtered off, washed with plenty of water and dried in the oven at 80 °C overnight. The
obtained powder was designated as NbOx-DS. Similarly, NbOx-CS was prepared under similar conditions using

commercial niobium oxide for comparison.

2.3. Catalytic reactions

The catalytic acetalation of glucose was carried out in a 15 ml ace pressure tube. 0.126 mmol of
glucose, 2 ml of ethanol and 20 mg of catalyst were placed in an ace pressure tube and closed tightly. The
pressure tube was placed in a preheated silicon oil bath on a hot plate with a magnetic stirrer and ran at the

required temperature and time. After each experiment, the pressure tube was cooled down to below room
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temperature using ice-cold water. A fraction of each reaction mixture was taken out and filtered off using a 0.2
pm syringe filter before HPLC analysis (Thermofisher ultimate 3000; column: Aminex HPX-87H, 60 °C;
Eluent: SmM sulfuric acid). The glucose conversion and product yield (ethyl a-D-glucopyranoside, ethyl 3-D-

glucopyranoside) were calculated using a series of individual standards by standard calibration.

2.4. Characterisation

X-ray diffractometer (XRD) technique (Bruker D8 discover; Cu-K alpha radiation, A= 1.5406 A°, 40
kV, 40 mA) is used to understand and identify the crystallinity and crystal phase of the material. The XRD
patterns were collected in the 20 range of 5-70° with a step size of 0.020° per second, and total steps recorded

were 3221 with an estimated time per step was 192 seconds.

NH;s-temperature-programmed desorption (NH3-TPD) is a chemisorption technique used for acidic site
determination using a BELCAT II instrument equipped with a thermal conductivity detector (TCD). The typical
procedure follows: 50 mg of catalyst was loaded in a quartz tube and pretreated at 80 °C for 60 min under a 50
ml/min flow of helium gas to remove the physisorbed water molecules. The adsorption of ammonia was
performed using a 5.1% NHi/He mixture with a flow of 50 ml/min for 30 min at 50 °C, followed by flushing
with 50 ml/min He to remove physisorbed ammonia. Finally, ammonia desorption was performed from 50 to

500 °C at a ramp of 10 °C/min.

Thermogravimetric analysis (TGA) (NETZSCH; coupled with differential scanning calorimetry; 50 ml
N2/min) reveals the thermal stability and weight loss of the material. The TGA thermograph was obtained

between 25 and 550 °C with a hold time of 20 min.

Fourier transform Infrared (FTIR) (Horizon MB 3000) spectroscopy technique is used to disclose the
nature of the functional groups present in the material. The FTIR spectra were measured in the range of 400-

4000 cm™'.

Physisorption analysis (ASAP 2420) is employed to quantify the surface area, pore volume and pore
size of the material using N> as a probe molecule. Prior to analysis, all the samples were degassed at 150 °C for

4 h under vacuum.

Microscopic techniques (high-resolution transmission electron microscope (HRTEM); JEOL 2100

Plus; 200 KV) are beneficial in visualising the particle size of the material in addition to observing morphology
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and lattice fringes. HRTEM coupled with Energy Dispersive X-ray (EDX) is used to disclose the elemental
composition of the material. For sample preparation, a small amount of the sample was dissolved in ethanol,
followed by sonication for 30 min, and then the sample was carefully dropped on a copper grid with the help of

a micropipette, dried in the air, and employed for analysis.

3. Results and Discussion

Niobium oxide with and without sulfate functional groups were examined for the acetalation of glucose
in ethanol as solvent at 120 °C, and the results are presented in Table 1. Generally, the acetalation of glucose in
alcohol (ethanol) leads to the formation of two tautomers, that is, ethyl a-D-glucopyranoside (EADGP) and
ethyl B-D-glucopyranoside (EBDGP) (Scheme 1) in the presence of Bronsted-acidic sites on the catalyst
surface. The plausible reaction pathway for the formation of ethyl glucoside from glucose in ethanol can take
place in three steps [S] as follows; 1) ring opening of glucose in the presence of an acid catalyst, 2) the
hemiacetal formation by reaction between the aldehyde group of glucose and ethanol, followed by 3) the
removal of a water molecule to form cyclic acetal, ethyl glucoside. Initially, the niobium oxide prepared using
niobium chloride as precursor and diethylamine as precipitant (NbOx-D) was tested for glucose acetalation and
found to be affording only EADGP with a low yield (13%) at a glucose conversion of 79.8% (Table 1, entry 1)

with the formation of fructose, HMF and humins as byproducts.
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Scheme 1. Acetalation of glucose in ethanol (above) and the plausible reaction pathway for the formation of

ethyl glucosides
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On the other hand, sulfate incorporated NbOx-D (treated with sulfuric acid, i.e. NbOx-DS) exhibited a
higher catalytic activity, affording a total yield of 59.9% (36.3% EADGP and 23.6% EBDGP) with a selectivity
of 97%, implying the role of medium/strong acid sites generated by the incorporated sulfate groups (Table 1,
entry 2). The sulfate groups incorporated on commercial niobium oxide (NbOx-CS) was also investigated under
similar reaction conditions and gave a relatively low yield of total ethyl glucosides (5.6%) with a poor
selectivity of 8.1 %. To understand the catalytic activity discrepancy, structural and physicochemical properties

of niobium oxide with and without sulfate groups were evaluated using typical characterisation techniques.

Table 1. Screening of sulfate functionalised NbOx catalysts for glucose acetalation

Glucose Conv. EBDGP yield EADGTP yield Selectivity
Entry Catalyst
(%) (%) " (%)™ (%)
1 NbOx-D 79.8 13.2 - 16.5
2 NbOx-DS 62.0 36.3 23.6 96.6
3 NbOx-CS 68.7 - 5.6 8.15

Reaction conditions: 0.126 mmol of glucose, 20 mg catalyst, 2 ml ethanol, 120 °C, 2 h.

3.1. XRD analysis

The X-ray diffraction pattern of NbOx-D showed two major peaks at 260 of 24.35 and 26.85° along with
low-intensity peaks at 46.6 and 55.1, ascribing to the orthorhombic phase of niobium oxide [JCPDS-30-0873].
NbOx-DS displayed drastic crystallinity loss and showed a slight shift towards a low angle at 20 of 23.5 from
24.35° (Figure la), indicating the lattice expansion due to the incorporation of bulky sulphate groups in the
network of niobium oxide [50, 51]. On the other hand, NbOx-CS showed no shift in 20 position of peaks
(Figure 1b) and thus, suggesting incompetent incorporation of sulphate groups in the commercial niobium oxide
matrix and, therefore, showing inferior catalytic activity compared to NbOx-DS [Table 1, entry 2 and 3]. The
lower angle shift in the case of NbOx-DS compared to NbOx-D indicated the incorporation of active sulfate
functional groups, which played a crucial role in enhancing the yield of ethyl glucosides and its selectivity
(96.6%) [Table 1, entry 2]. However, XRD does not provide direct evidence for incorporating sulphate species;

the samples were further analysed using FTIR.
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Figure 1. X-ray diffraction pattern of (a) NbOx-D and NbOx-DS and (b) NbOx-C and NbOx-CS catalysts

3.2. FTIR analysis

The presence of the sulfate functional groups was substantiated by subjecting the samples to Fourier
transform infrared analysis (FT-IR) (Figure 2). Generally, the sulphate group exists in tetrahedral symmetry
(T4). But NbOx-DS displays three peaks at wavenumbers of 1047, 1141 and 1203 cm™! corresponding to S=O
stretching frequencies, suggesting lowered symmetry of SO4> from tetrahedral geometry to C,y, which could be
due to the coordination of disulfate species with niobium [52-53]. And no such peaks appeared in the case of
non-functionalised NbOx-D catalyst. Additionally, both NbOx-D and NbOx-DS exhibit bands at 1620 cm™ due
to the bending mode of water molecules in niobium oxide [52]. Moreover, broad bands appearing in the 2800-
3600 cm! can be ascribed to stretching modes of -OH groups in niobium oxide. Moreover, in the case of the
NbOx-DS catalyst, it can be noticed that the intensity of the broad band in the region of 2800-3600 cm! slightly
decreased compared to the band in NbOx-D due to the incorporation of sulfate moiety in the terminal position of
niobium oxide by reacting with -OH groups [53-54]. In the case of NbOx-CS and NbOx-C, no such band
appeared in the region of 800-4000 cm!, suggesting the scarcity of easily accessible hydroxyl groups that can
react with sulfate species in commercial niobium oxide, thus showing poor/negligible incorporation and

consequently displaying insignificant catalytic activity [Table 1, entry 3].
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Figure 2. Fourier transform infrared spectra of NbOx catalysts

3.3. Structural analysis

To estimate the particle size and changes in the nanostructure before and after the sulfate incorporation,
NbOx-D and NbOx-DS were characterised with HR-TEM (Figures 3 and 4). The particle size of NbOx-D was
around 10 nm (Figure 3a), calculated through Image] software (Figure 3d). Figure 3b shows the lattice fringes
with a d-spacing of 0.385 nm, corresponding to the (001) planes with a symmetrical arrangement of the lattice
plane (Figure 3b inset). The EDX spectrum indicates that NbOx-D possesses niobium and oxygen with no other
chemical impurities (Figure 3c). On the other hand, NbOx-DS showed a similar particle size of around 10 nm
(Figure 4h). A high-resolution image of NbOx-DS exhibited lattice fringes corresponding to (001) planes with a
slight lattice distortion with an increased d-spacing of 0.395 nm (Figure 4f inset). The rationale behind this
imperfection in lattice fringes might have been caused by the incorporation of sulfate groups in the matrix of
niobium oxide as in line with XRD (Figure 1). The EDX spectrum of NbOx-DS evidently displays the presence

of sulfur, niobium, and oxygen species (Figure 4g).
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Figure 3. HR-TEM images of NbOx-D with low (a) and high (b) resolution, EDX Spectrum (c) and particle size
distribution (d).
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Figure 4. HR-TEM images of NbOx-DS with low (a) and high (b) resolution, EDX Spectrum (c) and particle
size distribution (d).

3.4. Ammonia TPD analysis

It is known that the formation of ethyl glucosides from glucose proceeds via acetalation, which mainly

depends on the strength of acidic sites present over a catalyst surface [55]. To understand the nature of the acidic
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sites, all the niobium oxide-based catalysts were subjected to NH3-TPD, and the corresponding profiles are
shown in Figure 5. NbOx-DS contained total acidic sites of 783 umol/g, whereas NbOx-D possessed relatively
lower (628 pmol/g), which is 1.25-fold lower than the former, indicating the incorporation of sulfate species
contributing to the acidic sites. NbOx-C and NbOx-CS exhibited negligible acidic sites of 5 and 15 pmol/g,
respectively. The NH3-TPD profiles of NbOx-D and NbOx-DS appeared unsymmetrical in peak pattern and thus
deconvoluted (Figures 5b and 5c¢). The deconvoluted peaks are categorised as Type I (weak; 50-180 °C), Type II
and I (medium; 180-350 °C) and Type IV (strong; 350-500 °C), as reported in the previous study [9, 56].
NbOx-DS possessed 2.1-fold higher type II and III acidic sites than NbOx-D (317 pmol/g). However, NbOx-D
had 2.9-fold higher type I acidic sites than NbOx-DS catalyst, which might be contributing to catalysing glucose
isomerisation rather than acetalation, thus, decreasing the yield of ethyl glucopyranosides [Table 1, entry 1].
Further, NbOx-DS (736 pmol/g) possessed 1.5-fold higher medium and strong acidic sites than NbOx-D (490
pmol/g). Moreover, NbOx-DS displayed an intense desorption peak (medium acidic sites) around 210 °C,

having 1.9-fold higher than NbOx-D (229.8 umol/g).
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Figure 5. NH3-TPD profile of a) NbOx catalysts and deconvoluted b) NbOx-D and ¢) NbOx-DS.

From the above viewpoints, it can be concluded that possessing a large number of acidic sites with higher
strength (NbOx-DS) played a pivotal role in enhancing the total yield of ethyl glucosides with excellent
selectivity (yield:60%; selectivity: 97%) [Table 1, entry 2]. At the same time, NbOx-D possessed relatively
lower number of medium/strong acid sites, yielding poor selectivity towards ethyl glucosides (yield:13%;

selectivity: 17%) [Table 1, entry 1]. Based on NH3-TPD, XRD and FTIR results, one could understand the
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efficient incorporation of sulphate group in NbOx-DS contributing to higher acidic sites and thus improving the

activity.
3.5. TGA analysis

In the case of functionalised solid acid catalysts, the thermal stability of NbOx-D and NbOx-DS is
crucial for maintaining the active sites in the catalysts. Thermogravimetric analysis (TGA) is a well-known
technique for understanding thermal stability (Figure 6). It was observed that a minor weight loss of 5.1% was
observed with NbOx-DS, and a pretty much similar thermograph was obtained for the parent NbOx-D,
attributing to the removal of volatile impurities and moisture present in the catalysts. The TGA thermogram of
NbOx-DS indicates that the thermal stability of sulfate species is in line with the previous report [54]. Moreover,
the thermograph of NbOx-CS (not shown) revealed no significant weight loss due to the absence of sufficient
hydroxyl group in niobium oxide lattice, in good agreement with FTIR analysis in which no substantial and
intense peak corresponding to OH stretching (2800-3400 cm™!) can be seen. Further, NbOx-DS (113 m?*g)
possessed a 40-fold higher surface area than NbOx-CS (2.9 m?%g) with negligible pore volume (0.006 cm®/g)
(Table 2), which could be contributing to the enhanced catalytic activity towards the formation of ethyl

glucosides.
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Figure 6. Thermographs of NbOx-D and NbOx-DS catalysts
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Table 2. Physicochemical properties of NbOx catalysts

Surface Pore Pore Type of acidic sites ( pmol/g)?
Entry  Catalyst area volume Size
(m?/g)* (cm?/g)? i I 111 v Total
1 NbOx-D 128 0.208 4313 230 87 174 628
2 NbOx-DS 113 0.164 5.19 441 235 60 783
3 NbOx-CS 29 0.006 8.38 NA NA NA NA 15

Calculated from BET analysis, *obtained from BJH desorption, calculated from NH3-TPD analysis.

3.6. Influence of other reaction parameters on yield of ethyl glucopyranosides

The influence of time and temperature on the product distribution was examined, and the results are

shown in Figure 7. With an increase in temperature from 80 to 140 °C, the glucose conversion increased from

50 to 80 %, but the yield of ethyl glucosides rose from 16 % (80 °C) to 59 % (120 °C) and then decreased to

22.3% (140 °C), suggesting the formation of humins via degradation of products at higher temperature (Figure

7a). As the reaction time increased from 30 to 240 min, glucose conversion enhanced from 30 to 74%, with an

increase in the total yield of ethyl glucosides from 21 to 57.2% (Figure 7b). It was observed that a maximum

selectivity (97%) and yield (59%) towards ethyl glucosides were observed at 120 °C with 2 h of reaction time.

804 (a) == Glucose 1004 (b) —D— Glucose
—— EBDGP —»— EBDGP
EADGP EADGP
T 604 < 804
T o
$ S 60-
~ 404 -
c [ =
[] (]
= 5 40
49 {4
g g
g 204 g J
o | o 20+
0 04
80 100 120 140 0 30 60 120 240

Temperature (°C)

Time (min)

Figure 7. The influence of reaction (a) temperature (Reaction conditions: 0.126 mmol glucose, 20 mg NbOx-

DS, 2 h and (b) time (Reaction conditions: 0.126 mmol glucose, 20 mg NbOx-DS, 120 °C).
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3.7. Recyclability study

The recyclability of NbOx-DS was also studied in ethanol for three runs, and the results are presented
in Figure 8. After each recycle, NbOx-DS was thoroughly washed with ethanol and dried at 100 °C. It was
observed that after the first run, there was a slight decrease in glucose conversion and ethyl glucosides yield,
suggesting that active species might have been deactivated due to the adsorption of carbonaceous species, thus
hindering the accessibility of active sites. However, after the third run, the product distribution was the same as

obtained after the second run.

60 —&— Glucose

Conv./Yield (%)

1 2 3
Run

Figure 8. Recyclability of NbOx-DS for acetalation of glucose in ethanol (Reaction conditions: Glucose to

catalyst ratio=1.125, ethanol to glucose ratio = 10.1, 120 °C, 2 h.

4. Conclusion

The developed NbOx-D, synthesised via precipitation approach using diethylamine as precipitant, is
amorphous in nature and possesses uncondensed hydroxyl groups that pave the way for the efficient
incorporation of sulfate species (NbOx-DS), with high thermal stability, achieved through novel NbOx-D
synthesis procedure as no such incorporation is achieved with commercial NbOx, due to lack in accessible
hydroxyl groups. The NbOx-DS contains 2.1-fold higher acidic sites, thus showing high catalytic activity
towards the acetalation of glucose to ethyl glucosides (97% selectivity). In contrast, the previously published

article related to glucose acetalation exhibits lower selectivity towards glycosides (<80%) due to the formation
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of undesired products and thus deactivating the active sites on the surface of the catalyst. The produced ethyl
glucosides have multiple applications in skin care products and cleaning industries. Therefore, the current study
signifies further the importance of synthesis of NbOx with defective sites, which facilitates the incorporation of
active functional groups, which can be extrapolated to the introduction of auxiliary metals/other functional
groups for manoeuvring the strength of acidic sites towards dehydration, esterification and hydrolysis reactions

in catalytic industries.
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