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In this study, 5-hydroxymethylfurfural (5-HMF) was obtained from glucose using tert-butoxyapatite, a
heterogeneous catalyst. The tert-butoxyapatite catalyst was prepared and characterized by several tech-
niques, such as XRD, SEM, TEM, EDS, elemental mapping HR-TEM, N,-adsorption/desorption, XPS, and

Received 20th June 2025,
Accepted 7th August 2025

DOI: 10.1039/d5dt01450f

FT-IR. Several parameters were studied, such as temperature, catalyst loading, and glucose concentration.
The tert-butoxyapatite catalyst having both acidic and basic sites gave a maximum glucose conversion of
87% with a 48% yield of HMF at 160 °C using 20 wt% catalyst in 12 h. Reusability studies of the catalyst are
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1. Introduction

The advancement of human civilization has heavily relied on
the utilization of fossil fuel reservoirs.” Currently, fossil fuels
such as coal, petroleum, and natural gas are crucial in synthe-
sizing value-added chemicals and fuels. However, the increas-
ing demand for fossil fuels, combined with a significant rise
in petrochemical prices due to the rapid depletion of oil
reserves and heightened environmental concerns, has
prompted a shift towards renewable resources as a viable
alternative.” Biomass offers a renewable feedstock that
addresses challenges associated with fossil fuel depletion and
global warming.® Comprising starch, sugar, oil crops, and
animal manure, biomass emerges as an economically viable
and renewable resource, making it an exceptional alternative
to fossil fuel-derived products.” Biomass sourced from agricul-
tural residues, wood, and herbaceous crops primarily consists
of biopolymers, including cellulose (35-50%), hemicellulose
(25-30%), and lignin (25-30%).”> The polysaccharides, namely
cellulose and hemicellulose, can undergo hydrolysis, produ-
cing sugars, namely glucose and fructose, offering avenues for
their conversion into value-added chemicals.® Thus, the
exploration of sustainable and economically viable product
development from biomass represents a significant research
domain.?

HMEF, also known as 5-hydroxymethylfurfural, is a chemical
that holds tremendous appeal in this regard. HMF has been
identified as one of the top 10 value-added chemicals by the
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US Department of Energy.” There is a wide scope in the market
for HMF derivatives, though HMF itself has a limited market
because of its low stability. HMF retains all six carbon atoms
that were present in the hexoses. HMF features an aldehyde
group located at the C2 position, a hydroxymethyl group situ-
ated at the C5 position, and a reactive furan ring, which collec-
tively enable a broad range of potential functionalization and
chemical transformations. HMF undergoes several reactions,
such as hydration, oxidation, amination, esterification, and
hydrogenation, to synthesize a wide variety of derivatives and
platform chemicals.® Although HMF possesses a restricted
market due to its inherent low stability, significant potential
exists for its derivatives in the market. These derivatives
include furan-based compounds such as 2,5-furan dicarboxylic
acid,””® 2,5-dimethylfuran,'® 2,5-diformylfuran, and 5-hydroxy-
methylfuroic acid, as well as non-furanic compounds like
adipic acid, levulinic acid, 1,6-hexanediol, caprolactone, and
caprolactam.

Thus, the efficient synthesis of HMF is crucial not only for
advancing research but also for producing polymers, fuel
components, pharmaceuticals, and various other sectors.
Glucose and fructose serve as starting materials for the
synthesis of HMF. Fructose typically yields higher amounts
of HMF due to its rapid dehydration via Brensted acid
sites.">? In contrast, the dehydration of glucose to HMF
presents more challenges. Nevertheless, glucose is considered
a more favorable candidate for HMF production owing to its
lower cost and greater availability."*'* Synthesis of HMF
from glucose involves a two-step reaction pathway, which
includes the conversion of glucose to fructose and
subsequent fructose dehydration to produce HMF. Scheme 1
depicts the possible reaction for glucose dehydration to
5-HMF.

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Conversion of glucose to HMF.

It is crucial to design a catalytic system for isomerizing
glucose to fructose, subsequently leading to the synthesis of
HMF. Various reaction systems have been investigated for this
objective, including organic solvents, biphasic systems, ionic
liquids, and conventional acids. However, these systems
present drawbacks such as increased energy consumption by
organic solvents, high costs associated with ionic liquids, and
potential corrosion or reactor damage when using convention-
al acids like HCIL. Thus, employing heterogeneous catalysts for
this purpose offers significant advantages due to their cost-
effectiveness and easy recovery."®

In a study by Watanabe et al., an HMF yield of 20% and a
glucose conversion of 81% were achieved in hot compressed
water at 200 °C for 5 minutes using anatase TiO, as a catalyst.
Additionally, the catalytic potential of ZrO, was examined
under identical reaction conditions, resulting in a 5.2% HMF
yield and a 47% conversion of glucose.'® Ohara et al. investi-
gated the efficacy of a hybrid catalytic system for synthesizing
HMF in DMF. They achieved the highest HMF yield of 42%
with a 73% conversion of glucose using a catalyst comprising
hydrotalcite/Amberlyst 15 (2:1 w/w)."” This result was
obtained under the reaction conditions of 80 °C for 9 hours,
with 3 wt% glucose. Yan et al. observed a yield of 47% for
HMF when utilizing an S0,>7/Zr0,/Al,O; catalyst in DMSO at a
temperature of 130 °C."® Liu et al. documented and achieved
an HMF yield of 41% under the conditions of 140 °C for
2 hours using an Al,03;-B,0; catalyst with an Al/B ratio of

Fructose
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5:5." Jiménez-Lopez et al. synthesized a novel mesoporous
tantalum phosphate catalyst (MTP). Under the reaction con-
ditions of 170 °C for 1 hour within a water-MIBK biphasic
system, the catalyst achieved a maximum yield of 32.8% for
HMF with 56.3% glucose conversion.™ Table 1 presents a com-
parison between the current study and previous research on
the dehydration of glucose to HMF.

Apatites are extensively employed in heterogeneous catalysis
for a variety of chemical reactions, including oxidation,>**
reduction,” C-C bond formation,>?* cycloaddition,
N-arylation,®” epoxidation,®® water gas shift reaction, and
hydroformylation.*® The primary characteristic of apatite sur-
faces is their acid-base properties, which play a crucial role in
catalysing organic synthesis reactions. TBAP is a form of
hydroxyapatite in which the OH group is replaced by a tertiary-
butoxy (-OBu) group. Like hydroxyapatite (HAP), TBAP con-
tains both acidic and basic sites: Ca®" ions act as Lewis acidic
sites, while the oxygen atoms in PO,*~ and OH™ groups serve
as Lewis basic sites, and the P-O-H groups provide Bronsted
acidity.*** In this research, we demonstrate that tert-butoxya-
patite, abbreviated as TBAP in DMSO solvent, acts as an
effective catalyst for the gram-scale conversion of glucose to
HMF. The TBAP catalyst is heterogeneous, allowing for easier
separation from the reaction mixture compared to homo-
geneous catalysts. This innovative catalytic system paves the
way for a novel process that will enable the industrial-scale syn-
thesis of HMF directly from glucose.

25,26

Table 1 Dehydration of glucose to 5-HMF catalyzed by heterogeneous catalysts

Catalyst

Sr.  Glucose loading T Time Glucose, HMF, HMTF,
no. (g Catalyst Solvent wt%)  (°C) (h) %C %S %Y  Ref.
1 0.1 TiO, Water 100 250 0.083 39 71 27 34
2 0.1 TiO,-ZrO, Water 100 250 0.083 44 67 29 35
3 0.1 710, Water 100 200 0.083 48 11 5 36
4 0.09 Hydrotalcite/Amberlyst 15 (2: 1 w/w) DMSO 300 80 3 41 61 25 17
5 0.1 SO42_/Z1'02—A1203 (zr/Al=1:1n/n) DMSO 20 130 15 100 48 48 18
6 0.05 Al,0;-B,0; (Al/B=5:5) DMSO 40 140 2 — — 414 19
7 0.1 S0,>7/Zn0O DMSO 50 160 6 96 — 35 37
8 0.2 SnPCP@MnO,-PDA DMSO 25 150 5 — 60 55.8 38
9 0.15 Mesoporous tantalum phosphate Water/MIBK 33 170 1 56.3 — 32.8 15
10 0.26 Sn-Mont THF/DMSO 75 160 3 98 — 53.5 39
11  0.36 PS-PEG-OSO;H Water/DMSO (1:2) 55 120 1 98 — 84 40
12 0.223 MIL-SO;H Water : THF (39 01 22 130 24 — — 29 41

V/IV)
13 0.04 SAPO-34 GVL/water 50 170 0.66 — — 93.6 42
14 1 TBAP-8 DMSO 20 160 12 87 70 48 This work
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2. Materials and methods
2.1 Materials

Godavari Biorefineries Ltd supplied HMF. Glucose was
obtained from S.D. Fine Chemicals, while potassium tert-but-
oxide and ammonium fluoride were procured from Thomas
Baker Pvt. Ltd; calcium nitrate and sodium chloride (NaCl)
were purchased from Oxford Lab Fine Chemicals, Ltd.
Tetrahydrofuran (THF) was procured from Sisco Laboratory
Chemicals Pvt. Ltd.

2.2 Catalyst preparation

The coprecipitation method was employed for the preparation
of the catalyst. A solution was prepared by dissolving
(NH,4),HPO, (7.92 g, 0.06 mol) and KO'Bu (2.4 g, 0.02 mol) in
250 mL of water, maintaining the pH above 12 by the addition
of 15-20 mL of ammonium hydroxide. This solution was then
added dropwise to an aqueous solution of Ca(NO3),-4H,0
(23.6 g, 0.1 mol) in 150 mL of water under continuous stirring.
The resulting suspension was stirred at 50 °C for 8 hours. The
precipitate was separated by vacuum filtration, washed with
doubly distilled water, and dried in an oven at 60 °C. The syn-
thesized catalyst was designated as TBAP-8. TBAP-4 and
TBAP-12 were similarly prepared except for the aging time,
which varied to 4 and 12 hours, respectively.*> Additionally,
the hydroxyapatite (HAP) and fluoroapatite (FAP) were pre-
pared according to Choudary and Kantam, with a modification
in the ageing time to 8 hours.*®

2.3 Catalyst characterization

XRD studies were conducted using a PANalytical Empyrean
instrument in the 260 range of 5°-80°. The morphological pro-
perties of the catalyst were investigated by scanning electron
microscopy (SEM) using a Carl Zeiss Model Supra 55 with an
accelerating voltage of 5.00 kV and transmission electron
microscopy using an FEI Tecnai T20 with an accelerating
voltage of 200 kV. The crystal structure of the catalyst was
studied using high-resolution transmission electron
microscopy and Selected Area Electron Diffraction (SAED) ana-
lysis using an FEI Tecnai T20. The elemental constitution and
the elemental mapping of the catalysts, in terms of Ni loading,
were determined by energy-dispersive X-ray spectroscopy (EDS)
using a Carl Zeiss Model Supra 55. The functional groups of
the catalysts were identified by Fourier transform infrared
spectroscopy (FT-IR) using a Bruker FTIR 80 V instrument. The
specific surface area and the porosity of the catalysts were ana-
lyzed by N, adsorption/desorption analysis using a Quanta-
Chrome Novae 2200 instrument. Boehm acid-base titration
was employed to assess the surface acidity and basicity of the
catalyst. For the acidity determination, 0.5 g of the catalyst was
submerged in 25 mL of a 0.05 N NaOH solution and stirred for
24 hours. The resulting suspension was then filtered and
washed. Subsequently, 10 mL of the filtrate was titrated with
0.05 N HCI, using phenolphthalein as an indicator. The
surface acidity was calculated based on the volumes of NaOH
and HCI used in the titration. To measure the basicity, 0.5 g of

13576 | Dalton Trans., 2025, 54,13574-13587

View Article Online

Dalton Transactions

the catalyst was immersed in 25 ml of a 0.05 N HCI solution
and stirred for 24 hours. After filtration and washing, 10 ml of
the filtrate was titrated with a 0.05 N NaOH solution. The
chemical states of the catalyst were analyzed by X-ray photo-
electron spectroscopy (XPS) using a Thermo K-Alpha Plus
spectrometer with a monochromated Al-Ka source (E = 1486.6
eV). The charge neutralization gun was switched on through-
out the data acquisition. Furthermore, the binding energy of
the samples was cross-checked and referenced to adventitious
C 1s at 284.6 eV.

2.4 Experimental method

A 25 mL round-bottom flask with a reflux condenser and mag-
netic stirrer was submerged in an oil bath with a PID control-
ler. The flask was then submerged in an oil bath, which uti-
lized a PID controller to regulate the temperature. For the
experiment, 1 g of glucose and 10 mL of DMSO were intro-
duced into the flask, heated to a desired temperature, and the
catalyst was added. After the designated reaction time, the
mixture was cooled to room temperature.

The products were analyzed using High Performance
Liquid Chromatography (HPLC) with a Refractive Index (RI)
detector. HMF was detected using an Agilent Hi-Plex column
(4.6 x 250 mm), and the mobile phase was H,SO, (0.005 mol
L") with a flow rate of 0.3 mL min™". Fig. S1-S5 shows chro-
matograms of the reaction mass (pre-isolation), isolated HMF,
standard sample of glucose, HMF, and levulinic acid.

The conversion of glucose, the selectivity, and yield of HMF
are calculated and defined according to the following formula:

moles of converted glucose

Glucose Conversion (%) = . x 100%
moles of starting glucose
(1)
.. moles of produced HMF
HMF select = 100 2
selectivity (%) moles of converted glucose x100% (2)
HMFyield (%) — moles of produced HMF 100%.  (3)

moles of starting glucose

2.5 HMF isolation method

A standard liquid-liquid extraction technique using tetra-
hydrofuran (THF) as the extraction solvent was utilized to
isolate HMF from the reaction mixture. Initially, the catalyst
was separated from the reaction mixture via centrifugation for
30 minutes. Subsequently, a 10% aqueous sodium chloride
(NaCl) solution was introduced to the separated mixture,
resulting in the precipitation of a black solid, presumably
humin. The precipitated humin was then separated through
centrifugation for 30 minutes, followed by washing with water
and drying in an oven at 60 °C. After drying, the mass of the
humin was measured. Post-humin removal, 5-HMF was
extracted from the remaining supernatant through liquid-
liquid extraction (LLE). This extraction was conducted in a sep-
arating funnel, where THF was added to the supernatant, the
mixture was shaken for approximately one minute, and phase

This journal is © The Royal Society of Chemistry 2025
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separation was allowed for one hour. This process yielded two
distinct liquid layers: an upper THF layer and a lower aqueous
layer. The addition of NaCl to the aqueous phase enhanced
the partition coefficient between the organic and aqueous
layers, thereby facilitating phase separation.** This extraction
procedure was repeated for three cycles. Thereafter, THF was
removed using a rotary evaporator, and the purity of 5-HMF
was determined through HPLC analysis.’” Despite undergoing
distillation, the isolated sample still exhibited the presence of
DMSO.

3. Results and discussion

3.1. Catalyst characterization

Fig. 1A presents the X-ray diffraction (XRD) patterns of TBAP-4,
TBAP-8, TBAP-12, and HAP. The diffraction peaks observed by
all TBAP catalysts are in good agreement with the standard
data from the JCPDS file no. 00-055-0592, confirming the suc-
cessful synthesis of the desired phase. The catalysts exhibit a
hexagonal crystalline structure, as evidenced by the distinct
peaks at 26 = 31.7°, 32.13°, 33°, and 34.21°, and the corres-
ponding planes are (211), (112), (300), and (202),
respectively.”>*>*® Notably, the diffraction peaks associated
with the (211), (112), and (300) planes become more pro-
nounced as the Ca/P ratio increases, indicating enhanced crys-
tallinity. This trend is further supported by calculated crystalli-
nity values (Table 2) with TBAP-12 displaying sharper peaks
than TBAP-4. Additional diffraction peaks are observed at 26°,
29°, 39.8°, 46.8°, 48.17°, 49.6°, and 53.3° corresponding to the
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Intensity
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(002), (210), (310), (222), (312), (213), and (004) planes, respect-
ively, providing further evidence of the hexagonal phase. The
SEM images (Fig. 1B-E) of TBAP-8 reveal a plate-like mor-
phology, characterized by irregularly shaped agglomerated,
bulk-like particles and partially blocked pores. The Ca/P ratio
for the TBAP-4, TBAP-8, and TBAP-12 catalysts was determined
by energy-dispersive X-ray spectroscopy (EDS). As summarized
in Table 2, the ratio increases with longer stirring duration,
suggesting that the extended stirring enhances calcium incor-
poration within the catalyst structure.

The XRD patterns (Fig. 2A) of both fresh TBAP-8 and used
TBAP-8 display similar diffraction profiles, suggesting the
overall crystal structure remains largely unchanged after use.
However, a slight reduction in the sharpness of the (211),
(112), and (300) diffraction peaks in the used TBAP-8 may indi-
cate a decrease in % crystallinity, likely due to a reduction in
the Ca/P ratio as a result of calcium leaching after 5 cycles.
SEM images (Fig. 2B and C) of both fresh and used catalysts
reveal irregular-shaped particles with comparable surface mor-
phology, indicating minimal structural degradation.
Furthermore, the elemental mapping (Fig. S6 and S7) confirms
the consistent presence of elements Ca, P, O, and C in both
fresh and used catalysts, with no significant alteration in their
spatial distribution, thereby supporting the material’s struc-
tural stability upon repeated use.

Transmission electron microscopy (TEM) images of both
fresh TBAP-8 (Fig. 3A and B) and used TBAP-8 (Fig. 3C and D)
reveal agglomerated rod-like particles. The overall morphology
remains consistent before and after use, with no significant
structural changes observed. However, an increase in the par-

Fig. 1 The X-ray diffraction (XRD) spectra of (A) TBAP-4, TBAP-8, TBAP-12, and HAP (B-E) FE-SEM images of TBAP-8.

This journal is © The Royal Society of Chemistry 2025
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Table 2 EDS and Boehm titration data for TBAP catalysts
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Catalyst Ca/P (EDX)  Sger,m’g'  Vp,em’g™'  dp,nm  Total basicity, moleg™'  Total acidity, mole g* % crystallinity
HAP 1.7 40.2 0.4 17.03 — — 84.3
TBAP-4 1.65 147.8 0.55 12.44 2.2 0.2 80.2
TBAP-8 1.87 131.6 0.5 12.24 2.3 0.17 80.6
TBAP-12 1.93 128.3 0.5 9.6 2.5 0.1 81.8
TBAP-8 (used) 1.62 86.3 0.24 12.21 — — 80.0
A TBAP-8

3 WM

2z

‘@

&

3

= TBAP (used)

T T T T T

10 20 30 40 50 60 70
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Fig. 2 (A) XRD diffractions of TBAP-8 and used TBAP-8 (after 5 cycles), (B) SEM image of TBAP-8, (C) SEM image of used TBAP-8 (after 5 cycles).

ticle size is noted- from 14.76 nm in fresh TBAP-8 to 16.63 nm
in TBAP-8 catalysts used after 5 cycles, which may be attributed
to the deposition of humin in the apatite structure. High-
resolution transmission electron microscopy (HR-TEM) images
and selected area electron diffraction (SAED) patterns (Fig. 4)
for fresh and used samples display distinct lattice fringes
characteristic of the apatite structure. These findings confirm
the successful synthesis of the TBAP catalysts and demonstrate
their structural integrity and stability.

Fig. 5 and Table S1 show FTIR analysis of TBAP catalysts in
the 4000 cm™" to 400 cm™" range. TBAP-4 shows the presence
of CO;>” vibrational stretching at 1420 cm™', indicating
absorption of CO, from air.>>*”~*° The presence of CO;>~ also
confirms that the TBAP-4 is calcium-deficient apatite. The
absence of CO;>” vibrational stretching in TBAP-8 and
TBAP-12 indicates they are calcium-rich apatites. Thus, CO;>~
vibrational frequencies dissipate with an increase in the stir-
ring time from 4 h to 12 h. The presence of vibrational fre-
quencies at 1425 cm™" and 1452 cm™" indicates the presence
of B-type carbonated TBAP in TBAP-4 formed by replacing
PO,*” with CO;>".***° A typical hydroxyapatite sample shows
characteristic OH stretching vibration at 3574 cm™" and OH
bending vibration at 630 cm™'.°**" In TBAP, the OH bending

13578 | Dalton Trans., 2025, 54,13574-13587

vibration (630 cm™') disappears, and the OH stretching
vibration shifts to 3537 cm™" due to the incorporation of the
t-OBu group.”®? Additionally, a band at 745 cm™" suggests
that the OH group participates in hydrogen bond formation
[(CH;3);-O---H-O] due to the incorporation of the ¢-OBu
group.’®>* The PO,*” stretching frequency in all TBAP cata-
lysts exhibits a strong absorption band at 1093 cm™' and
1025 cm™" corresponding to symmetrical stretching of P-O in
PO,’", along with absorption bands at 603 cm™, 571 cm™,
and 471 em ™" corresponding to the bending vibrational modes
of P-O-P in PO,’>".’"® The stretching vibrational mode at
3628 cm™ " is ascribed to surface hydrogenophosphate (P-O-H)
group, while the stretching vibrational mode at 3660 cm™*
suggests a bulk P-O-H group, indicating the presence of
Bronsted acid (Fig. S8).*>

Table 2 summarizes the elemental composition of TBAP
catalysts based on their Ca/P ratio. The total acidity and basi-
city of these samples were determined through Boehm acid-
base titration. The results indicate that a higher calcium
content correlates with increased basicity, whereas a greater
proportion of phosphorus content enhances the acidity of the
catalyst. The elevated calcium content, likely a result of
extended stirring times, leads to a high Ca/P ratio of 1.93 in

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 TEM images and the particle size distribution of (A and B) TBAP-8 and (C and D) used TBAP-8 (after 5 cycles).
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Fig. 4 HR-TEM images and SAED pattern of (A—C) TBAP-8 and (D—F) used TBAP-8 (after 5 cycles).
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Fig. 5 FTIR analysis of TBAP catalysts (A) TBAP-12, (B) TBAP-8, (C) TBAP-4,

TBAP-12, reflecting a lower acidity. In contrast, TBAP-4, syn-
thesized with a shorter stirring duration, exhibits a lower Ca/P
ratio of 1.65 due to calcium deficiency. The lower calcium
content corresponds to a relative enrichment in phosphorus
content, making TBAP-4 more acidic than TBAP-8 and
TBAP-12. These findings suggest that acidity can be effectively
tuned by adjusting the Ca/P ratio, offering a strategy to control
catalytic behavior through composition and synthesis
parameters.

The specific surface area of the HAP, TBAP-4, TBAP-8,
TBAP-12, and the used TBAP-8 catalysts were determined using
Brunauer-Emmett-Teller (BET) analysis, as summarized in
Table 2. Incorporation of the -OBu group in the hydroxyapatite
framework leads to an increase in the surface area. However,
as the stirring time increased, a gradual decrease in the
surface area was observed, which can be attributed to the
higher concentration of calcium ions. This increase in calcium
content elevates the Ca/P ratio from TBAP-4 to TBAP-12, result-
ing in a more compact structure and reduced surface area. For
the used TBAP-8 catalyst, a decline in the surface area is noted,
likely due to the accumulation of humin on the catalyst
surface after repeated reaction cycles. Pore volume and pore
diameter were assessed using the Barrett-Joyner-Halenda
(BJH) method (Table 2). The introduction of the +-OBu group
in the hydroxyapatite framework enhances the pore volume,
which in turn contributes to a higher surface area in the TBAP
catalysts. However, following 5 catalytic cycles, TBAP-8 exhibits
a reduced pore volume, attributed to pore blockage caused by
the accumulation of humins. While the pore volume increases
with catalyst modification, the pore diameter tends to
decrease, suggesting structural densification. The pore sizes of

13580 | Dalton Trans., 2025, 54,13574-13587
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all the catalysts fall within the range of 2 nm to 50 nm, charac-
teristic of uniform mesoporous material.”> The textural pro-
perties, including the N, adsorption-desorption isotherm and
pore size distribution, are illustrated in Fig. 6. All the catalysts
exhibit mesoporous characteristics with pore sizes between
2 nm to 20 nm.>*> According to IUPAC nomenclature, the iso-
therm corresponds to a type IV profile with an H1-type hyster-
esis loop, indicating the presence of uniform mesoporous
structures composed of cylindrical or tubular pores.”> The
sharp initial uptake of N, at a relative pressure (P/P0) below 0.8
signifies the existence of micropores, while the pronounced
hysteresis loop in the desorption branch confirms the presence
of mesopores.”® Notably, the reduced N, uptake at P/P0 < 0.4
in the used catalyst suggests a significant loss in pore volume,
correlating with the observed decline in the surface area due
to the accumulation of humin.

Fig. 7 presents the full X-ray Photoelectron Spectroscopy
(XPS) survey spectra of TBAP-8. The survey confirms the pres-
ence of elements Ca (Ca 2p), P (P 2p), O (O 1s), and C (C 1s),
indicating successful incorporation of key components into
the catalyst structure. Fig. 8 further illustrates the high-resolu-
tion spectra of Ca (Ca 2p), P (P 2p), O (O 1s), and C (C 1s),
detailing the chemical states and surface composition of cata-
lysts TBAP-4, TBAP-8, and TBAP-12. The Ca 2p spectra (Fig. 8)
exhibit characteristic spin-orbit splitting into Ca 2p3/2 and Ca
2p1/2 peaks, with binding energies from 347.2 eV and
350.5-350.8 eV, respectively. The energy separation between
these peaks falls within the range of 3.3 eV-3.6 eV, consistent
with the presence of Ca*> in TBAP. These states suggest the
coordination of a calcium atom to a phosphate group.>>*® A
secondary set of peaks is also observed at the binding energies

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 XPS full survey spectra of TBAP-8.

of 348.8-349.4 eV (Ca 2p3/2) and 352.1-353.1 eV (Ca 2p1/2),
respectively. The first doublet is attributed to apatite,**”” and
the second doublet corresponds to calcium carbonate (CaCOs3),
likely formed due to calcium deficiency on the catalyst

This journal is © The Royal Society of Chemistry 2025

surface.”” Notably, the intensity of this second doublet
diminishes as the Ca/P ratio increases, indicating a reduction
in calcium vacancies. In all the catalysts, the P 2p region
(Fig. 8) shows splitting into P 2p3/, and P 2p;, at binding ener-
gies of 132.9-133.1 eV and 133.8-134.0 eV, respectively, with a
spin-orbit splitting of 0.9 eV. These peaks are associated with
the P*> state of the phosphate group (PO4>7), tetrahedrally co-
ordinated to an O atom.’” Additionally, TBAP-4 and TBAP-8
exhibit a secondary contribution at binding energies of
135.4-135.6 eV (P 2ps;,) and 136.3-136.5 eV (P 2p;,,), respect-
ively, and a spin energy difference of 0.9 eV. This second
doublet is attributed to PO;~, and both PO,*~ and PO;~
environments are consistent with an apatite-like structure.””
The dual doublets in TBAP-4 and TBAP-8 are likely due to the
presence of surface carbonate species, which diminish in
calcium-rich TBAP-12. The O 1s spectra reveal bonds desig-
nated as a, f, and y (Fig. 8) corresponding to Ca-O, P-O, and
C-O bonds. All catalysts exhibit peaks at 531.1-531.4 eV («)
and 533.1-533.7 eV (B) corresponding to the Ca-O and P-O
bonds, respectively.>>*®* The more intense f peak in calcium-
deficient TBAP-4 is attributed to the substitution of PO,*~ by
CO;>” groups. As the Ca/P ratio increases from TBAP-4 to
TBAP-12, the p peak intensity decreases and shifts to lower
binding energies, indicating a reduction of surface CO,;>~

Dalton Trans., 2025, 54,13574-13587 | 13581
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groups. The y peak, found at the binding energies at
535.2-535.7 eV and associated with CO;>~ groups, also shifts
and eventually disappears in TBAP-12, further suggesting
decreasing surface carbonates with an increasing calcium
content. Deconvolution of the C 1s spectrum (Fig. 8) reveals
asymmetric peaks assigned as o (284.8 eV), p (286.1-286.6 eV),
v (288.0-288.5 eV), and & (289.9-290.2 eV). The a and p peaks
correspond to sp®> C-C/C-H and C-O bonds. The B peak,
indicative of C-O bonds from the #-OBu group in the tert-
butoxy apatite catalysts and surface CO;>~ species, formed by
CO, adsorption from the ambient air, indicates calcium-
deficient TBAP.*®°%°8 similarly, the y peak, representing C=0
bonds, arises from the surface CO;>~ species, linked to atmos-
pheric CO,. As the Ca/P ratio increases from TBAP-4 to
TBAP-12, the intensity of the p and y peak diminish, demon-
strating that greater calcium content reduces CO;>~ accumu-
lation on the catalyst surface. This trend is reinforced by the &
peak, which fades with an increasing Ca/P ratio. Despite these

13582 | Dalton Trans., 2025, 54,13574-13587

T T T T
300 295 290 285 280 275

Binding energy (eV)

variations, the surface Ca/P ratio for all the catalysts remains
approximately 1.3, lower than the ideal stoichiometric Ca/P
ratio of 1.67. This discrepancy suggests persistent calcium
deficiency at the catalyst surface, which correlates with the sus-
tained presence of the y peak across all the samples.

3.2. Catalytic activity

The conversion of glucose to HMF using TBAP occurs in two
main steps (Fig. 9): (1) XPS analysis confirms the presence of
Ca-O groups in TBAP, indicating the formation of Lewis acidic
Ca®" sites. During the isomerization of glucose to fructose,
these Ca”" sites catalyze the ring-opening of glucose pyranose
to form a 1,2-enediol intermediate. This intermediate is stabil-
ized by coordination with O-Ca-O and interactions with the
DMSO solvent. The process facilitates further rearrangement
and ring closure, ultimately yielding fructose, which can adopt
a five-membered furanose ring structure. (2) FTIR analysis con-
firmed the presence of P-O-H groups, which serve as Brensted

This journal is © The Royal Society of Chemistry 2025
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59-63.

acid sites by donating protons (H') during the dehydration of
fructose to hydroxymethylfurfural (HMF). As reported in pre-
vious studies, these Brgnsted acidic P-O-H sites facilitate the
conversion of fructose to HMF."** Throughout the reaction, all

This journal is © The Royal Society of Chemistry 2025

the intermediates were stabilized by DMSO, which also sup-

presses side reactions and improves the HMF yield.>*°
Various reaction parameters were investigated to achieve

optimal conditions for glucose dehydration to HMF, aiming to
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maximize both conversion and selectivity. Catalysts, desig-
nated as TBAP-4, TBAP-8, and TBAP-12, were synthesized using
the co-precipitation method and subjected to aging periods of
4, 8, and 12 hours, respectively (Table 3). Of these, TBAP-8
exhibited superior performance, achieving a 48% yield of HMF
and an 87% conversion of glucose. The superior performance
of TBAP-8 is likely attributable to an optimal distribution of
acidic and basic active sites, which promotes the isomerization
of glucose to fructose, a critical intermediate step that also
facilitates the subsequent dehydration to HMF. In contrast, the

Table 3 Effects of different catalysts

CH,O0OH
o O\ ;DH
oH TBAP O.
DMSO
160°C \ /
OH OH 12h
OH
Glucose 5-Hydroxymethylfurfural
Selectivity (%)
Sr. Glucose Levulinic HMF
no.  Catalyst conversion (%) HMF acid yield (%)
1 HAP-8 72 23 53 —
2 FAP-8 55% 26 24 —
3 TBAP-4 80 64 7 38
4 TBAP-8 87 70 4 48
5 TBAP-12 84 62 4 44

Reaction conditions: glucose = 1 g, DMSO = 10 mL, catalyst quantity =
200 mg, temperature = 160 °C, time = 12 h.

Table 4 Effect of catalyst loading

View Article Online
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lower yield observed with TBAP-4 is attributed to the excessive
formation of humins, resulting from higher acidity as com-
pared to TBAP-8 and TBAP-12 (Table S2). The reduced activity
of TBAP-12 is due to its lower concentration of acidic sites rela-
tive to TBAP-4 and TBAP-8, leading to an 84% conversion of
glucose and a subsequent lower yield of 44%. Other apatites
such as hydroxyapatite (HAP) and fluorapatite (FAP) were also
utilized. Both the catalysts (HAP and FAP) afforded a lower
yield of 5-HMF due to higher levulinic acid formation and
lower conversion, respectively. The impact of catalyst loading
on the conversion and selectivity of glucose and HMF was
investigated using a previously optimized TBAP-8 catalyst
(Table 4). Catalyst loading varied between 5-30 wt% relative to
a fixed amount (1 g) of glucose. The data presented in the fol-
lowing table indicates that glucose conversion increases with
the catalyst weight. Additionally, an increase in the catalyst
amount correlates with a rise in humin formation (Table S3).
Initially, HMF selectivity increases; however, beyond a catalyst
quantity of 200 mg, a decline is observed. This decline is
attributed to higher humin formation, which is caused by the
increased number of acidic sites as the catalyst amount
increases. The highest 5-HMF yield (48%) was achieved with a
20 wt% catalyst loading. Further increases in the catalyst
loading (up to 30 wt%) resulted in a decrease in the HMF
yield. Additionally, the formation of humins increased with
greater catalyst quantities.

To achieve maximum glucose conversion and high selecti-
vity for HMF, reactions were carried out within a temperature
range of 100 °C to 170 °C using a TBAP-8 catalyst (Table 5).
Glucose conversion and humin content increased with rising
temperature. The yield of HMF was very low at low tempera-

Selectivity (%)

Sr. no. Catalyst Catalyst quantity (mg) Glucose conversion (%) HMF Levulinic acid HMTF yield (%)
1 TBAP-8 50 48 37 9 24
2 100 66 49 6 32
3 200 87 70 4 48
4 300 95 66 5 35
Reaction conditions: glucose = 1 g, DMSO = 10 mL, temperature = 160 °C, time = 12 h.
Table 5 Effect of reaction temperature

Selectivity (%)
Sr. no. Catalyst Temperature (°C) Glucose conversion (%) HMF Levulinic acid HMF yield (%)
1 TBAP-8 100 17 8 19 2
2 120 29 12 12 7
3 140 41 28 9 18
4 150 73 59 7 42
5 160 87 70 4 48
6 170 93 66 4 15

Reaction conditions: glucose = 1 g, DMSO = 10 mL, catalyst quantity = 200 mg, time = 12 h.
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Table 6 Effect of glucose concentration
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Selectivity (%)
Sr. no. Catalyst Glucose (mg) Glucose (mmol) Glucose conversion (%) HMF Levulinic acid HMF yield (%)
1 TBAP-8 180 1 62 25 23 14
2 342 1.9 72 36 15 25
3 504 2.8 82 44 7 34
4 666 3.7 85 58 4 40
5 828 4.6 85 64 4 45
6 1000 5.5 87 70 4 48

Reaction conditions: DMSO = 10 mL, catalyst quantity = 20 wt%, temperature = 160 °C, time = 12 h.

tures, which instead favors the formation of levulinic acid and
other side products. The yield of levulinic acid decreased as
the temperature increased. At 100 °C, the glucose conversion
was 17%, which increased to 93% at 170 °C. Table 5 shows
that the yield of 5-HMF increased, peaking at 48% at 160 °C,
before declining to 15% at 170 °C. The high temperature of
170 °C, combined with the presence of acidic sites, promotes
rapid humin formation, which reduces the yield beyond
160 °C (Table S4).

A range of experiments was carried out to investigate how
glucose concentration impacts conversion and selectivity. The
experiments involved altering the glucose concentration, as
shown in Table 6 and Table S5. As the glucose concentration
increased from 1-5.5 mmol, it was observed that both conver-
sion and selectivity for HMF increased. However, the selectivity
for levulinic acid decreased. When the glucose concentration
exceeds 3.7, there is a slight increase in the yield of HMF. The
maximum yield of HMF, reaching 48%, was achieved when the

CH,OH
(0]
OH
OH OH
OH
Glucose TBAP-8
0O OH
Vo

\

5-Hydroxymethylfurfural

glucose concentration was 5.5 mmol, with a reaction time of
12 hours at 160 °C.

3.3. Catalyst reusability study

A reusability test was conducted to evaluate the stability and
activity of the catalyst (Fig. 10). After every cycle, the catalyst is
removed from the reaction mixture by centrifugation, followed
by a washing process with alcohol to eliminate impurities or
the absorbed material. The catalyst is then dried overnight in
an oven at 60 °C. Following this, a study on the reusability of
the catalyst was conducted up to five cycles using optimized
reaction parameters. As depicted in Fig. 10, the results indicate
a minor decline in the yield with each successive cycle. This
may be attributed to the accumulation of humin on the cata-
lyst surface, which reduces the catalyst’s activity. Nevertheless,
the TBAP-8 catalyst demonstrates good stability for dehydrat-
ing glucose to HMF.

% % C (Glucose) % S (HMF) % Y (HMF)

E
;
;
.

I N Y
NS

Fig. 10 Recyclability of TBAP-8 in glucose conversion to HMF. Reaction conditions: glucose = 1 g, DMSO = 10 mL, catalyst quantity = 200 mg

(20 wt%), temperature = 160 °C, time = 12 h.
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4. Conclusion

HMF was obtained by the dehydration of glucose using a
modified hydroxyapatite called the tert-butoxy apatite catalyst.
The cyclic intermediate is formed by the interaction of the
hydroxyl group in the glucopyranose ring with Ca®" (Lewis
acid) to undergo isomerization to fructose. The fructose
formed subsequently undergoes dehydration in the presence
of hydrogenophosphates (Bronsted acid) to finally afford HMF.
The yield of HMF was 48% with 20 wt% of catalyst at a temp-
erature of 160 °C in 12 h. The catalyst can be used for five
cycles. Moreover, a liquid-liquid extraction technique was
developed to separate HMF from the reaction mixture.
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