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ABSTRACT: Efficient catalytic methods for biomass conversion present a challenge for the sustainable production of fuels and
chemicals. Ga salt of molydophosphoric acid (GaHPMo) is prepared using a sonochemical irradiation method. Simultaneous
formation of GaHPMo and entrapment of polyoxometallate in gallium micro-/nanoparticles (Ga@HPMo) is achieved. The
amount of entrapped hetropoly acid in Ga particles is estimated to be ~3 wt %, as determined from thermogravimetric analysis
(TGA) and ultraviolet—visible (UV—vis) analysis. The preparation of GaHPMo is accomplished by subjecting an ethanolic
solution of polyoxometallate [molybdophosphoric acid (HPMo)] and molten Ga metal to sonication at SO °C for 12 min.
Physicochemical properties of GaHPMo are studied using X-ray diffraction, TGA, temperature-programmed desorption,
differential scanning calorimetry, Fourier transform infrared spectroscopy, UV—vis spectroscopy, scanning electron microscopy,
transmission electron microscopy, dynamic light scattering, and energy-dispersive X-ray spectroscopy analysis. GaHPMo was
successfully used as a catalyst for the conversion of various carbohydrates (glucose, starch, and cellulose) and rice straw into
levulinic acid via a hydrothermal process. Reaction conditions for obtaining an optimum yield of levulinic acid from glucose are
deduced (time, 10 h; temperature, 423 K; and mole ratio of the catalyst/reactant, 1:5). The reaction products are analyzed
qualitatively using nuclear magnetic resonance (*C and 'H) spectroscopy and quantified using high-performance liquid
chromatography analysis. The maximum yield of levulinic acid obtained from glucose is 56 wt %. Apart from the major product,

levulinic acid, other minor byproducts, such as formic and lactic acids, are also observed.

1. INTRODUCTION

Heterogeneous catalysis plays an important role in the world’s
economy and chemical industry. A total of 90% of commercial
chemical products are obtained by heterogeneous catalytic
processes.” A wide variety of chemicals for use in day-to-day life
are produced in catalytic processes.” " Besides applications in
the production of fine chemicals, catalysts are also used in
pharmaceutical, automobile, and food industries. Owing to the
limited supply of non-renewable fossil energy sources
(petroleum, coal, and natural gas), development of green and
sustainable technologies for the conversion of biomass to
biofuels and chemicals is a challenge.”~” Protection of the
natural environment is also a key factor for building a
sustainable future.’ The design of novel catalysts is the key to
most of the feasible processes for the production of alternative
fuels (biodiesel, bioethanol, hydrogen, or methanol). From the
“green chemistry” perspective, it is also essential to develop new
catalysts and alternative processes that reduce the use of
precious metals and eliminate the utilization of toxic raw
materials or production of harmful byproducts, leading to a
reduction in environmental contamination.

The possibility of employing biomass-derived carbohydrate
as a feedstock for chemical production is being explored
vigorously. Conversion of biomass into useful chemicals is one
of the current trends in green chemistry.”’ Utilization of
alternate feedstock for the production of chemicals is inevitable,
owing to the uncertainty in the sustainability of fossil-based
resources and the accompanying adverse effects on the
environment.® Carbohydrate is an abundant and renewable
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resource obtained from biomass. Carbohydrate (glucose,
sucrose, starch, and cellulose)-rich biomass is a promising
feedstock for the production of chemicals (fine and platform)
and biofuels. Therefore, green methods to achieve efficient and
cost-effective conversion of carbohydrates are sought.

Mineral acids, such as HCl, H,SO,, and H;PO,, are the most
common catalysts for the preparation of levulinic acid (LA)
with high catalytic activity.” Such processes pose several
disadvantages, such as environmental pollution and corrosion
to equipment. Therefore, replacement of the mineral acids by
solid acid catalysts could alleviate the associated problems.
Solid super acids received attraction for their environmental
benefits and absence of corrosion to equipment.'® Moreover,
solid acid catalysts can also reduce the production cost because
they could be easily recycled and used several times without
loss of catalytic activity. Substitution of one proton of
tungstophosphoric acid (HPW) by cesium or potassium cation
exerted no measurable effect on the catalytic activity.'" Filek et
al. studied the preparation and characterization and tested the
catalytic properties of GaPW,0, and InPW,0,, for the
etherification of ethanol.'” Tokarz-Sobieraj et al. described the
properties of active sites in 12-tungsto- and 12-molybdophos-
phoric acid salts containing AI**, Ga*, and In** as counter-
cations (MePW,,0,, and MePMo,,0,) using the density
functional theory (DFT) theoretical modeling and examined
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Table 1. Production of LA from Biomass Using Solid-Acid-Based Catalysts

yield/conversion

feedstock methodology catalyst (wt %) reference
glucose hydrothermal process at 1.7 MPa and variation of the Si/Ga ratio MFI-type zeolite  yield of 29.5 24
with different
$i0,/ ALO,
ratios
cellulose hydrothermal reaction at 180 °C for 3 h with 2 wt % catalyst and 2 g of cellulose zirconium dioxide  yield of 45.8 25
glucose autoclave sealed and purged by nitrogen gas in a stirring state at 400 rpm pressured at ZRP zeolites yield of 35 26
1.7 MPa, with time of 8 h and temperature of 180 °C
cotton straw (hydrolyzed heated to 180 °C with stirring (200 rpm) for 1 h H,SO, yield of 42.6 27
sugar)
microcrystalline cellulose moderate temperatures (190—270 °C) to produce organic water-soluble compounds, zirconium yield of 29 28
(Avicel PH-101) including glucose and HMF; water-soluble compounds are further reacted with a solid phosphate
acid catalyst at relatively low temperatures (160 °C) to produce LA and formic acid catalyst (ZrP)
xylose under hot-compressed water for 1—7 h, with three different types of gases, including helium, alkali-treated yield of 30 29

air, and nitrogen, were studied to consider the formation of humin and side products

glucose or
cellulose/starch/rice straw

hydrothermal reaction at 175 °C for 6 h

zeolite catalysts

Ga@HPMo and yield of 56 and  current
GaHPMo 46 study

their catalytic activity for the etherification reaction. A
correlation between Brensted acidity and catalytic activity
were observed.'® Recently, Filek et al. reported the synthesis of
monocationic (GaPW,,0,, and AIPW,0,,) and bicationic
(CsGagsHy sPW,,0,9 and CsAlyH, PW,,0,,) salts of HPW
for ethylene and diethyl ether production from ethanol."*
Kimura et al. have reported the inorganic solid acids of Cs salt
of 12-tungstophosphoric acid Cs,sHysPW,0, as being a
better catalyst than H,SO,, H;PW,0, and p-toluenesulfonic
acid."> Moreover, Okuhara et al. also reported the insoluble
heteropoly compounds as highly active catalysts for liquid-
phase reactions because of the high activity of Cs, 5 salt. This is
due to the large number of surface acid sites and its acid—base
bifunctional nature, in which a cesium ion possibly increases the
basicity of the heteropolyanion.'

Glucose is a monomeric sugar that could be obtained by the
hydrolysis of starch/cellulose of plant materials.'” A wide range
of chemicals is produced from glucose."”'* LA," -
valerolactone,””*' and hydroxymethylfurfural (HMF) are
examples of such chemicals. LA is prepared by treating
cellulosic biomass with acid and could be obtained from a
wide range of cellulosic feedstock, such as Cicer arietinum,
cotton, Pinus radiata, and sugar cane bagasse.22 Kumar et al.
reported a synergistic catalytic (ZnBr,—HCl) process for the
production of LA from carbohydrates under microwave
irradiation.'” 1,4-Pentanediol is the hydrogenation product of
LA that can be used as a monomer for polyester production.”’
Some of the recent reports on the production of LA using solid-
acid-based catalysts are summarized in Table 1.

From the above reports, it is understood that solid acid
catalyst forms an inexpensive and promising support material
for the active metal nanoparticles in the generation of acidic
sites that facilitate the conversion of biomass to LA. It is worth
mentioning here that there has been no single report on the
exploitation of Ga salts of heteropoly acids for biomass
conversion.

A unique sonochemical approach was employed for design-
ing the GaHPMo catalyst, which was subsequently used for the
conversion of biomass to LA under hydrothermal reaction
conditions. We have recently developed a methodology of
sonochemical irradiation of molten metal yielding a variety of
new products.”””" This method was used for the preparation of
the Ga@HPMo catalyst. In addition, the current study presents
a detailed investigation of the optimized production of LA
using the solid acid catalyst in a hydrothermal reaction. The

focus of the present work is to design a novel Ga-based
heteropoly acid catalyst using the sonochemical method and to
exploit the catalyst for the production of LA from biomass
(glucose, starch, cellulose, and rice straw).

2. EXPERIMENTAL SECTION

2.1. Chemicals. Molybdophosphoric acid, H;PMo,,04-xH,0
(HPMo, ACS reagent, CAS Registry Number 51429-74-4), was
procured from Sigma-Aldrich. Gallium metal (99.999%) was
purchased from Alfa Aeser Pvt. Ltd., Israel. Glucose, sucrose, starch
(from potato), and cellulose (Avicel PH-101, 99.8%) were purchased
from Sigma-Aldrich. Pretreated rice straw was provided by Professor
T. H. Kim, South Korea.** Ethanol and isopropanol (99.7%) were
purchased from Daejung Chemicals & Metals Co., South Korea. All
reagents were used without further purification. Double-distilled water
(DDW) was used as a solvent for the hydrothermal reactions.

2.2. Formation of Ga Salt of Polyoxometallate (GaHPMo).
GaHPMo is synthesized by sonication. Solid Ga metal (70 mg, 1 mM)
was melted in an ethanolic solution of HPMo (1 mM, 20 mL) in a
quartz test tube (diameter of tube of 20 mm) that was dipped in a
water bath at 50 °C. The titanium horn of an ultrasonic transducer
[Sonics and Materials, model VCX 750, with a frequency of 20 kHz
and voltage of 230 V alternating current (AC)] tip (ultrasonic tip
diameter of ca. 10 mm) was dipped in the solution, and when the
gallium was molten, the system was sonicated for a 12 min at 60%
amplitude. A greenish gray suspension (Figure S of the Supporting
Information) was obtained. The supernatant contained GaHPMo,
which was separated from the precipitate (Ga@HPMo, HPMo
encapsulated in Ga spheres) upon centrifugation. The supernatant
was subjected to rotary evaporation (30 min) to evaporate ethanol.
The resulting solid material, GaHPMo, was collected and dried in an
antichamber of the glovebox under a N, atmosphere. GaHPMo, thus
prepared, was characterized by a variety of physicochemical methods
to understand the details of composition and properties of the
material, and this forms the subject of discussion in the subsequent
section.

2.3. Characterization. GaHPMo is analyzed by X-ray diffraction
(XRD) measurements with a Bruker D8 Advance X-ray diffractometer
using Cu Ko radiation operating at 40 kV/30 mA with a 0.02 step size
and a 1 s step. The concentration of gallium and molybdenum in
GaHPMo is measured by inductively coupled plasma optical emission
spectrometry (ICP—OES). A typical analyte for ICP—OES analysis
was prepared by the dissolution of an aliquot of GaHPMo (10 mg) in
a mixture of 0.5 M HNO, (30 mL) and 0.5 M HCI (30 mL) at 75 °C
for 3 h under stirring. Subsequently, most of the acid was evaporated,
and distilled water is added and evaporated again. This process was
repeated 3 times to reduce the acid concentration, and then the
analyte is subjected to ICP—OES analysis. High-resolution scanning
electron microscopy (HRSEM) images of the analyte, for probing the
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surface morphology, are obtained with a FEI Megallon 400L
microscope, operated at 20 kV. Elemental analysis and elemental
mapping are performed by HRSEM energy-dispersive X-ray spectros-
copy (EDS). Transmission electron microscopy (TEM) is performed
for the particle size distribution of the material with a Tecnai G2, FEI
high-contrast/cryo-TEM, Hillsboro, OR, equipped with bottom
charge-coupled device (CCD) camera 1KxIK. Samples for TEM
analysis are prepared from a suspension of the particles of GaHPMo in
isopropanol, using a sonication bath. Two droplets of the analyte are
applied to a TEM carbon-coated copper grid and dried in a covered
Petri dish. High-resolution transmission electron microscopy
(HRTEM) analysis is performed using a JEOL 2100 microscope
operated at 200 keV. Ultraviolet—visible (UV—vis) spectra of
GaHPMo and Ga@HPMo were measured using a Cary 100
spectrophotometer (Varian), operated by Lab Sphere software. DSC
analysis is performed using a NETZSCH instrument model 200
F3MAIA using liquid nitrogen for cooling the system. Thermogravi-
metric analysis (TGA) is performed using the Mettler Toledo model
TGA/SDTAS8SI® at a scan rate of 10 K/min up to 800 °C in the N,
gas flow. X-ray photoelectron spectroscopy (XPS) analyses of samples
are performed using an ESCALAB 250 spectrometer with a
monochromatic X-ray source with Al Ka excitation (1486.6 eV).
Binding energy calibration is based on the signal corresponding to a C
Is signal at 285 eV. Dynamic light scattering (DLS) measurements for
particle size distribution studies are performed on ZetaSizer Nano-ZS
(Malvern Instruments, Ltd., Worcestershire, U.K.).

2.4. Catalytic Activity of GaHPMo. GaHPMo was used as a
catalyst for the conversion of a variety of carbohydrates (glucose,
sucrose, starch, and cellulose) and widely available biomass (rice
straw) to LA. A typical catalytic test reaction comprises of taking a
known amount of carbohydrate (0.5—1 g) and catalyst (0.05—0.1 g)
and 15 mL of distilled water in a Teflon-lined stainless-steel autoclave.
The autoclave is procured from stainless-steel autoclaves with a
polytetrafluoroethylene (PTFE) hydrothermal synthesis reactor (MH-
25) liner made in China. Pictorial representation of the autoclave used
for the catalytic reactions is provided in Figure S2 of the Supporting
Information. Hydrothermal treatment was carried out for 3—12 h in
the temperature range between 393 and 448 K. The reaction
conditions, such as the reaction time, temperature, weight/weight
percent ratio of the catalyst/reactant, are varied to improve the LA
yield from carbohydrates. The unreacted substrate, in the case of rice
straw, is separated from the reaction products by centrifugation at
9000 rpm at 10 °C for 20 min. The reaction products obtained in each
case are analyzed qualitatively by 'H and C nuclear magnetic
resonance (NMR) spectroscopy on a Bruker Avance DPX 300/400
instrument using D,O as a solvent.'” The amount of LA and other
byproducts (formic and lactic acids) of the reaction are quantified
using high-performance liquid chromatography (HPLC) analysis on a
Merck-Hitachi LaChrom System L-7000 instrument equipped with a
L-7455 diode array detector (DAD) and a Schambeck SFD RI 2000
refractive index (RI) detector Bad Honnef, Germany. Reaction
products were analyzed using a 300 X 7.8 mm REZEX-ROA ion-
exclusion chromatography column, Phenomenex, Torrance, CA.

3. RESULTS AND DISCUSSION

3.1. UV-Vis Analysis. The differences in the absorption of
the chemical species present in the supernatant and precipitate
formed during the sonochemical irradiation of aqueous solution
of HPMo and Ga metal were probed using UV—vis
spectroscopy. UV—vis spectra of the aqueous solutions of
HPMo, GaHPMo, and Ga@HPMo are shown in Figure 1.

UV—vis spectrum of aqueous solution of pure HPMo is
different from that of either GaHPMo or Ga@HPMo,
indicating the formation of new products. In the case of pure
HPMo, a single absorption band at 215 nm, typical of the
charge transfer from O—Mo (electron transitions within Mo—
O—Mo tricenter bonds of the polyoxoanionic framework), is
observed.” This is typical of the Keggin-type polyanion
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Figure 1. UV—vis spectra of HPMo, GaHPMo, and Ga@HPMo.

structure present in HPMo. This signal at 215 nm is retained
in the case of both GaHPMo and Ga@HPMo. Thus, sonication
has not resulted in the degradation of the Keggin structure, and
the original polyanion structure, [PMo,,0,4,]*", is retained after
the sonochemical irradiation. In addition, a new absorption
band appeared at 318 nm in both systems GaHPMo and Ga@
HPMo. The intensity of the absorption (0.12 in GaHPMo and
0.27 in Ga@HPMo) band at 318 nm is low in the case of
GaHPMo (the supernatant) and pronounced in the case of
Ga@HPMo (the precipitate). This new absorption band at 318
nm is attributed to the charge transfer from O®” to Ga''.
Similar phenomena were observed in Gd;GasO,,.°* The
appearance of the new band at 318 nm is indicative of the
presence of Ga species in the GaHPMo system and indicates
the interaction of Ga species with the O~ species in the
Keggin-type polyanion structure. Such interactions could be
due to the encapsulation of [PMo;,0,4,]*" polyanions in the Ga
spheres.

The nature of bonding between various species in HPMo
systems is probed further using Fourier transform infrared
spectroscopy (FTIR) analysis. The FTIR spectrum of HPMo is
characterized by the four consecutive bands in the range of
700—1100 cm™" typical of four different kinds of Mo—O bonds
present in the Keggin-type structure. For clarity, the spectral
region between 200 and 1200 cm™' is presented separately in
Figure 2B. In the case of HPMo, the peaks at 1065, 957, 877,
and 770 cm™! are attributed to the stretching modes of P—O,
Mo = O, Mo—0O,—Mo, and Mo—O_.—Mo, respectively.35’36
Even though the four consecutive absorption bands typical of
the Keggin structure are retained in the case of Ga-modified
polyoxometallates, a shift toward a lower wavenumber (~10
cm™") in these bands, especially for Mo—O.—Mo stretching, is
observed. Such a shift is more pronounced in the case of Ga@
HPMo, which is characteristic of the interaction between Ga**
and O*~ (corner-shared oxygen of Mo—O.—Mo) (Figure 2B).
This observation is in concurrence with the UV—vis absorption
studies (Figure 1), where an intense absorption band appeared
at 318 nm, which is attributed to the charge transfer
phenomena between O>” of polyoxometallate and Ga*' in
the case of Ga@HPMo. The vibrations of OH in the range of
3000—3600 cm™ and §(OH) in the range of 1600—1650 cm™!
were assigned to water molecules, antisymmetric stretching in
the case of pure HPMo. These signals are almost absent in the
case of GaHPMo and Ga@HPMo because these systems were
dried prior to FTIR analysis.
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Figure 2. FTIR spectra of (A) HPMo, GaHPMo (supernatant), and
Ga@HPMo (precipitate) and (B) magnified spectra of panel A in the
range of 400—1200 cm™.

XRD patterns of pure HPMo, GaHPMo, and Ga@HPMo
were shown in Figure S3 of the Supporting Information. As-
prepared GaHPMo is amorphous with broad signals relative to
either pure HPMo or GaHPMo materials. This could be due to
the encapsulation of the polyoxometallate (HPMo) in molten/
amorphous Ga nanoparticles. On the contrary, an intense new

signal is observed in the case of GaHPMo, which was absent in
the case of pure HPMo. This could be due to the presence of
hydrated Ga species in the polyanion structure, [PMoGa-
(OH),]*". Moreover, the formation of such acidic sites is more
feasible in the case of Ga salt of PMo rather than Al or In salts
of HPMo. Free energy of proton formation, AG(H"), is the
least for GaPMo (188.3 kJ/mol) compared to either InPMo
(198 kJ/mol) or AlPMo (207.4 kJ/mol)."

To investigate the thermal properties of metallic Ga, HPMo,
GaHPMo, and Ga@HPMo, differential scanning calorimetry
(DSC) analysis is carried out, and the DSC traces are shown in
Figure S4a of the Supporting Information. In the case of
GaHPMo, the broad endothermic peak in the range of 90—120
°C could be attributed to the removal of the water of
hydration.”” This is further supported by the TGA curve
(Figure S4b of the Supporting Information), indicating ~5 wt
% loss in the temperature range of 100—150 °C. In the case of
GaHPMo, the endothermic peak typical of gallium melting is
not observed. This result indicates that most Ga reacted,
forming the Ga salt of HPMo, [PM0oO,yGa(OH),]*". Both
HPMo and Ga salt of HPMo yielded a similar DSC response
with two broad endothermic peaks. On the contrary, in Ga@
HPMo features typical of metallic Ga are observed, indicating
the encapsulation of HPMo in Ga particles. A sharp endotherm
at 28 °C in the case of Ga metal and Ga@HPMo is
characteristic of melting of Ga.

The particle size distribution of GaHPMo and Ga@HPMo is
measured using dynamic light scattering (DLS). A small
portion of the dried samples is suspended in isopropanol using
a sonication bath prior to the measurement. Three consecutive
measurements (Figure 3A) showed that the particles of
GaHPMo are in the size range of 100—200 nm with a narrow
particle size distribution. On the contrary, Ga@HPMo particles
are larger in size (150—400 nm) and also the particle size
distribution is broad (Figure 3B).

Surface morphology of the dried samples of GaHPMo and
Ga@HPMo is investigated using scanning electron microscopy

Size Distribution Intensity

®
=]

(=)
=]

Intensity (Percent)
W 'S
(=] (=]

W
(=]

Intensity (%)

100 1000 10000

Size (d, nm)

Figure 3. Particle size distribution of (A) GaHPMo and (B) Ga@HPMo from DLS analysis.
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Figure 4. SEM images with elemental mapping of GaHPMo.
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Figure 5. (a) Full XPS spectrum of Ga@HPMo, (b) XPS spectrum of Mo 3d, (c) XPS spectrum of P 2p, (d) XPS spectrum of O 1s, and (e) XPS

spectrum of Ga 2p.

(SEM). A typical SEM image of GaHPMo and the
corresponding EDS spectra as well as the elemental (Mo, Ga,
P, and O) mapping are shown in Figure 4. The distribution of
Ga metal is uniform throughout the material, especially the
locations of oxygen, indicating the site of Ga®" species to be
close to O® species. The bigger particles are compact and
composed of several nanoparticles, suggesting that synthesized
GaHPMo is an agglomerate of nanoparticles. A comparison of
the surface morphology and elemental composition of
GaHPMo and Ga@HPMo is provided in Figure S5 of the

Supporting Information. To know the exact size and shape of
GaHPMo and Ga@HPMo analytes, TEM analysis was carried
out. Well-dispersed, spherical GaHPMo particles with a size in
the range of 30—70 nm were observed (Figure S6b of the
Supporting Information). Spherical Ga@HPMo particles are
larger in size (40—200 nm) owing to aggregation (Figure S6a of
the Supporting Information). The result from TEM analysis is
in agreement with the DLS analysis (Figure 3).

The valence states and nature of the elements present on the
surface of the Ga@HPMo particles were investigated by XPS
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analysis. Figure S5 show the XPS spectra of the Ga@HPMo
catalyst. The characteristic peaks corresponding to O 1s
(532,900 eV), Ga 2p (1118.612 eV), Mo 2p (233.350), P 2p
(134.400 eV), and Ga 3d (20.188 eV) were observed in the
XPS spectra. In detail, a strong single peak for Ga 2p at
1118.523 eV and 3d at 20.320 eV were assigned to Ga**".'”
Note that XPS will analyze only the surface properties of
materials (less than 3 nm depth from the surface). The surface
of Ga particles might be covered with Ga,O; or GaO(OH) in
the form of Ga*, but the percentage was very low (less than
0.1%).

The amount of Ga in GaHPMo were determined in the
following manner: a 14 mg sample of GaHPMo was immersed
in 0.5 M HNO; for about 1 h at 60 °C to dissolve the particles.
The water was added after evaporation, and this process was
continued 3 times. The final volume of the solution was
brought to 20 mL. The concentration of Ga determined by
ICP—OES was 142.1 mg/L; therefore, the total weight of Ga in
the sample was 1.42 mg. This corresponds to ca. 10.28 wt % of
Ga content in 14 mg GaHPMo sample. In addition, ICP
analysis was carried out for the used catalyst after the reaction
and the same Ga concentration (~138 mg/L) in GaHPMo was
obtained. Moreover, the leaching of Ga into the hydrolysate
was also studied, and a very low concentration of Ga was found
(12 ppm).

3.2. Evaluation of the Catalytic Activity of GaHPMo
for the Production of LA. 3.2.1. Effect of the Type of
Catalyst on the Conversion of Glucose. The hydrothermal
reaction of glucose (0.5 g) in 15 mL of water is conducted
using different catalysts, HPMo, GaHPMo, and Ga@HPMo,
for 12 h at 150 °C. When the reaction is carried out with
metallic Ga or in the absence of a catalyst, glucose conversion is
not observed (Figure 6). The peaks of the reactant glucose

1 <— Glucose
* Levulinicacid
0 Formic acid

o Lactic acid -—
no catalyst | JML L
Gallium il MLJ

Ga@HPMo .o
1 HPMo ] °
GaHPMo . 1l

200 150 100 50 0
Chemical Shift (ppm)

Nuclear Magnetic Resonannce Signal

Figure 6. >C NMR spectra of the reaction products obtained from the
hydrothermal reaction (12 h at 150 °C) of glucose (0.5 g of glucose in
15 mL of H,0) with different catalysts (0.1 g).

[60.3 ppm (C6), 69.2 ppm (C4), 72.4 ppm (C2), 73.7 ppm
(C3), 75.3 ppm (CS), 92 ppm (Cla), and 95.3 ppm (C1p)]
remained as is (Figure 6). With pure HPMo as a catalyst,
glucose is converted to lactic acid. In the case of GaHPMo,
complete conversion of glucose to LA of 27.9 ppm (C1), 29.1
ppm (C2), and 37.7 ppm (C3) and formic acid (166 ppm) is
observed. Under identical reaction conditions with Ga@HPMo,
even though the desired product LA is formed, the conversion
of glucose is not complete. Thus, GaHPMo is the selective and

active catalyst for the conversion of glucose to LA. Further
studies (optimization of the reaction temperature and the ratio
of catalyst/reactant) for obtaining the maximum yield of LA
were carried out using the GaHPMo catalyst. The details of the
conversion of glucose and the distribution of the products in
the hydrolyzate as a function of the type of catalyst are
summarized in Table 2.

Table 2. Effect of the Type of Catalyst on the Conversion of
Glucose”

reactant reaction product
type of catalyst glocose glucose LA" FA®
no catalyst +4 + - -
gallium + + - -
Ga@HPMo + + + +
HPMo + + + +
GaHPMo + - + +

“Amount of glucose, 0.5 g; catalyst, 0.1 g; and temperature, 150 °C.
LA = levulinic acid. “FA = formic acid. “+ = present. °~ = absent.

3.2.2. Effect of the Weight/Weight Percent Ratio of
Catalyst/Reactant on the Conversion and Selectivity. The
ratio (wt/wt %) of GaHPMo and glucose is varied as 1:10, 1:7,
and 1:5. The hydrothermal reaction is carried out for 12 h at
150 °C. Complete conversion of glucose to LA and formic acid
is observed when the ratio is 1:5. In this particular case, the
signals characteristic of glucose are absent and signals typical of
LA and formic acid are present (Figure S7 of the Supporting
Information). When the ratio of GaHPMo/glucose is either
1:10 or 1:7, even though the glucose conversion is selective
toward LA and formic acid, the glucose conversion is not
complete, as evident from the signals of unreacted glucose in
the reaction product. Thus, the optimum ratio of catalyst/
substrate is 1:5. The details of the conversion of glucose and
the distribution of the products in the hydrolyzate as a function
of the effect of the weight/weight percent ratio of catalyst/
reactant are summarized in Table 3.

Table 3. Effect of the Weight/Weight Percent Ratio of
Catalyst/Reactant on the Conversion and Selectivity”

reactant reaction product
weight/weight percent glocose glucose LA® FA®
1:10 +4 + - -
1:7 + +
1:5 + -

“Type of glucose, GaHPMoy; catalyst, 0.1 §; and temperature, 150 °C.
YLA = levulinic acid. °FA = formic acid. %+ = present. “— = absent.

3.2.3. Effect of the Hydrothermal Reaction Time on the
Conversion of Glucose to LA. After the most appropriate
catalyst and optimal ratio of catalyst/substrate were identified,
the hydrothermal reaction was conducted at different reaction
times (3, 6, and 10 h) with a 1:5 ratio (wt/wt %) of GaHPMo
and glucose at 150 °C.

The reaction products in each case were analyzed by *C
NMR, and the spectra are shown in Figure 6. Complete
conversion of glucose to LA is achieved when the hydrothermal
reaction is performed for 10 h, as evident from the absence of
glucose signals (Figure 7). The product contains LA and formic
acid, as expected. When the reaction is carried out for 3 h, no
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Figure 7. *C NMR spectra of the products obtained by the
hydrothermal reaction of glucose with GaHPMo catalysts for different
reaction times (3, 6, and 10 h).

conversion of glucose is observed and only partial conversion of
glucose to LA is observed in the case of the reaction product
collected at 6 h (Figure 7). The detailed conversion of glucose
and the product distribution as a function of the reaction time
are shown in Table 4.

Table 4. Effect of the Hydrothermal Reaction Time on the
Conversion of Glucose to LA

reactant reaction product
time of reaction (h) glucose glucose LA FA®
3 +¢ + - -
6 + + + +
10 + - + +
“LA = levulinic acid. ’FA = formic acid. “+ = present. “— = absent.

3.2.4. Effect of the Reaction Temperature on the
Conversion of Glucose. After we learned that a minimum of
10 h of reaction time is required for the complete conversion of
glucose, the temperature of the hydrothermal reaction is
systematically varied from 120 to 170 °C. The ratio of HPMo/
glucose is 1:5, and the reaction time is 10 h. The 3C NMR
spectra of the reaction products are shown in Figure S8 of the
Supporting Information. Complete conversion of glucose to LA
is achieved when the hydrothermal reaction temperature is 150
°C, as evident from the complete absence of signals typical of
glucose. In the case of the reaction product of the reaction
carried out at 120 °C, glucose conversion is incomplete and
signals typical of glucose are observed along with the peaks of
reaction products, LA and formic acid. The detailed conversion
of glucose and the hydrolyzate product distribution as a
function of the reaction temperature are shown in Table 5.

3.3. Determination of the Yield of LA from Glucose
under Optimal Hydrothermal Reaction Conditions
Using HPLC Analysis. Quantification of LA and formic acid
in the reaction product obtained under optimal hydrothermal
reaction conditions (T = 150 °C, t = 10 h, and GaHPMo/
glucose = 1:5, wt/wt) was determined by HPLC. In

Table S. Effect of the Reaction Temperature on the
Conversion of Glucose

reactant reaction product
reaction temperature (°C) glucose glucose LA” FA®
120 + + — -
150 + - + +
170 + - + +
“LA = levulinic acid. °FA = formic acid. “+ = present. “— = absent.

concurrence with the *C NMR analysis of the reaction
product obtained by the hydrothermal reaction of glucose in
the presence of GaHPMo at 10 h, the highest LA yield of 56 wt
% and complete conversion of glucose were shown. A
comparison of the chemical composition of the reaction
production obtained at 6 and 10 h of the hydrothermal reaction
of glucose is shown in the histogram in Figure 8.

BT A (Wt %)
1L A oWt o)
50 1| G lucose (Wt.%)

Weight (%)

0-—//

6h 10h
Reaction time (in h)

Figure 8. Quantification of LA, formic acid, and glucose by HPLC in
the hydrolyzate obtained from glucose under optimal reaction
conditions (LA, levulinic acid; FA, formic acid).

3.4. Conversion of Biomass to LA. The vital stages in the
conversion of biomass to LA were shown in Scheme 1.

Scheme 1. Schematic Representation of the Possible Steps
Involved in the Conversion of Biomass to LA

Pretreatment Catalyst/Hydrolysis

Biomass — Cellulose —> Glucose —> HMF = Levulinic acid

The developed methodology for the catalytic conversion of
glucose to LA was further extended to other carbohydrate
feedstock (starch, cellulose, and rice straw). The *C NMR
spectra of the reaction products obtained from rice straw,
cellulose, and starch feedstock, upon subjecting them to the
hydrothermal reaction under the optimal conditions for glucose
conversion, are shown in Figure 9.

In addition to the desired product, LA, the hydrolyzate
obtained from pretreated rice straw, cellulose, and starch also
contained glucose, as evident from the peaks in the range of
60—100 ppm. The results show the potential of GaHPMo
catalyst for the conversion of biomass to LA. Scheme 2 depicts
the reaction pathway of the formation of LA from glucose and
biomass (rice straw, cellulose, and starch). This method is cost-
effect for the production of LA, from biomass. The method can
be used at the industrial level for the production of LA and
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Figure 9. ®C NMR spectra of the product obtained from rice straw, cellulose, and starch (10 h at 150 °C) with a different type of catalyst.

Scheme 2. Possible Reaction Mechanism for the Production of LA from Rice Straw or Glucose
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other fine chemicals using diverse cellulose-containing waste
biomass, such as agricultural wastes, kitchen wastes, paper mill
sludge, and cellulose fines from papermaking, as starting
materials. This method indicates that the LA production cost
could fall as low as $0.07/Ib depending on the scale of the
operation.

4. CONCLUSION

Ga salt of molybdophosphoric acid, GaHPMo, was found to be
an active and selective catalyst for the conversion of biomass to
LA. A LA yield of 56 wt % was achieved under optimal
hydrothermal reaction conditions (T = 150 °C, ¢t = 10 h, and
GaHPMo/glucose ratio of 1:5). Thus, GaHPMo is a possible
alternative to the conventional mineral acids used for the
production of LA from biomass. GaHPMo exhibited superior
catalytic performance in terms of activity for glucose conversion
and selectivity for LA production relative to the parent HPMo.
The new method for the synthesis of the keto acid (LA) is
particularly important because it constitutes a key starting
material for generating diesel range chemicals.
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