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Abstract

The present work consists of development of a novel heterogeneous catalyst comprising Keggin type polyoxometalate,
12-tungstophosphoric acid (PW,), and zeolite HY and its evaluation for the synthesis of alkyl levulinate. Various physico-
chemical methods were used for characterization, and the reaction optimization was studied by applying the impacts of the
main reaction parameters (i.e. catalyst loading, molar ratio of acid to alcohol, time, and temperature). The catalyst shows
88% conversion and 99% selectivity towards n-butyl levulinate under optimized conditions such as 90°, 8 h with molar ratio
of acid to alcohol (1:2) following second-order kinetics with activation energy of 80 kJ/mol. The catalyst is recovered and
reused three times, always showing good performances. The catalyst was also found to be versatile and sustainable for a
number of different bio-platform molecules, and alcohols with different chain lengths give % selectivity of respective esters
between 49 and 100%. A comparison with the reported ones having phosphotungstate-based heterogeneous catalysts as
well as classical ion-exchange resins shows superiority of the present catalyst in terms of lower amount (0.025 g) as well as

highest TOF of 425 h™!.

Keywords 12-Tungstophosphosphoric acid - Zeolite HY - Sustainable catalyst - Bio-fuel additive - n-Butyl levulinate

1 Introduction

Expanded use of nonrenewable petroleum resources causes
an urgent need of development of new technologies for the
utilization of renewable resources in the production of chem-
icals, fuels, and energy [1]. Biomass — the only renewable
abundant carbon natural source which is broadly available,
is propitious regarding this as it is a sustainable and pos-
sible resource for the production of chemicals and fuels.
From the industrial as well as environmental perspectives,
the conversion of biomass derivatives to their value-added
chemicals has gained much importance. It is already known
that hydrolysis of cellulose and hemicellulose leads to sugar
formation whose catalytic conversion can attain to the for-
mation of platform chemicals like 5-hydroxymethylfurfural,
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levulinic acid, and furfural [2], and levulinic acid (LA) is
viewed as one of the most favourable building blocks for the
biomass refinery [3].

By securing a place in the top twelve value-added
chemicals from biomass, levulinic acid provides itself as
starting material for exploring more value-added chemi-
cals including angelica lactones, 2-methyltetrahydrofuran,
d-aminolevulinic acid, y-valerolactone, alkyl levulinates,
succinic acid, and pyrrolidines have numbers of applica-
tions [4, 5]. The presence of two functional groups —
ketone and carboxylic acid in levulinic acid, makes it an
important building block chemical. Alkyl levulinates are
the top most desirable products in view of their valuable
applications such as biofuels/bio-lubricants and also in
the fragrance industries. Amongst n-butyl levulinates are
interestingly on focus and used as flavouring agents, food
contact, cosmetics, polymer precursors, and fuel additive.
Their high miscibility in diesel even at the diesel cloud
point (247 K), high lubricity, and conductivity and non-
toxic nature are noteworthy [6].

Due to the said importance, number of heteroge-
neous catalysts is developed for synthesis of n-butyl

@ Springer


http://orcid.org/0000-0003-0177-3956
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-022-03279-2&domain=pdf

11550

Biomass Conversion and Biorefinery (2024) 14:11549-11567

levulinate such as supported montmorillonite [7], zeo-
lites [8, 9], metal-organic frameworks [10], silicas
[11-13], mesoporous materials [14—16], ion-exchange
resins [17, 18], graphene oxide [19], titania nanotubes
[20, 21], enzymes [22], immobilized lipase [23, 24],
polymers [25], magnetic nanoparticles [26], and sup-
ported heteropolyacids (HPAs) [27-32]. Amongst
all, the contribution from HPA-based catalysts, espe-
cially Keggin type, is found to be excellent from the
viewpoint of their compositions and varied structural
properties. Keggin type of HPAs is Bronsted acids,
having metal-oxygen octahedra with general formula
[XM,0,4,]"", where X is the heteroatom (P or Si) and
M is the addenda atom (Mo, W, V, etc.) and are excel-
lent homogeneous catalysts [33]. However, due to the
known demerits of homogeneous catalysts, having low
surface area, as well as solubility in polar media, makes
a separation of reaction mixture uneasy. The said dis-
advantages are overcome by making them heterogenous
via using suitable supports, leading to high surface
area, high catalytic activity as well as selectivity, and
mainly the regeneration of the catalyst. Towards the
same, until the date, MCM-41 [31], silicalite-1 zeolite
[28], and MCM-22 [30] have been used to make HPAs
heterogeneous catalysts for the synthesis of n-butyl
levulinate. It is interesting to note down that instead of
having number of advantages, zeolite HY has not been
explored as a support for 12-tungstophosphoric acid.

Zeolites are microporous crystalline aluminosilicates
commonly composed of aluminium, silicon, and oxygen.
Compared to natural zeolites, synthetic zeolites such as
A, B, X, and Y have the widespread commercial applica-
tions. Acidity is a prime parameter of zeolites, and it arises
from the unbalanced charge between alumina and silica
units which alternate inside the continuous crystalline alu-
minosilicate framework. Zeolite HY explores the known
importance like it is made up of an intergrowth of two or
more polymorphs comprising a three-dimensional system
of 12-membered ring channels. It has a free diameter of
6-8 A, large pore size, large surface area, large pore vol-
ume, high thermal and chemical stability, and the presence
of surface silanol groups. Hence, it was selected in the
present study. It is well known that zeolites possess higher
Lewis acidic sites and shows lower Brgnsted acidic sites
available on the surface [34-36]. Keeping this in mind, to
increase the Brgnsted acid sites, we have selected 12-tung-
stophosphoric acid for the same as it has strongest Brgn-
sted acidity in the Keggin heteropolyacid series.

The main objectives of the present work are as follows:

(1) To combine the advantages of the high Bronsted acid-

ity of 12-tungstophosphoric acid and the three-dimen-
sional porous system of zeolite
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(2) To develop reaction system to upgrade renewable bio-
mass, one of the main goals of green chemistry

(3) To use the solid acid catalysts, instead of noble met-
als, with the possibility to upscale catalytic process by
avoiding corrosion and waste liquid acid separation.

In this work, 12-tungstophosphoric acid (PW,,) was
anchored to zeolite HY by wet incipient impregnation
method. Both support and catalyst were characterized for
acidity as well as by various physicochemical methods such
as BET, EDX, TGA, FT-IR, XRD, and NMR. The catalytic
performance was evaluated for esterification of bio-platform
molecule, and levulinic acid, with n-butanol by varying dif-
ferent parameters. The kinetics experiment was carried out,
and the activation energy was determined for the said reac-
tion. The catalyst was regenerated, and its characterization
was carried out to verify its sustainability. The esterification
of different bio-platform molecules and alcohols having dif-
ferent chain lengths was carried out to explore the versatility
of the present catalyst. Finally, the focus on uniqueness of
present catalyst was made by comparing it with the reported
catalysts.

2 Experimental
2.1 Materials

All chemicals used were of A. R. grade. 12-tungstophos-
phoric acid (extra pure), ammonium chloride (99%), adipic
acid (99%), succinic acid (99.5%), fumaric acid (99.5%),
malonic acid (99%), lauric acid (99%), n-butanol(> 99%),
1-propanol (>99%), 2-butanol (>98%), isopropyl alcohol
(>98%), tert-butanol (>98%), 1-butanol (>98%), 1-pen-
tanol (>99%), 1-hexanol (>99%), 1-octanol (>99%),
2-octanol (>98%) and dichloromethane (>99%) were
used as received from Merck. Levulinic acid (>98%) was
acquired from Avra Synthesis Pvt. Ltd. Palmitic acid (98%)
was acquired from Loba Chemie. Zeolite NaY was obtained
commercially from Reliance Industries Limited, Vadodara,
Gujarat.

2.2 Synthesis of the catalysts

2.2.1 Step 1: Conversion of NaY to its protonic form zeolite
HY (ZHY)

Zeolite NaY was converted into the ammonium form NH,Y,
by conventional ion-exchange method [37]. One gram of
zeolite NaY and 100 mL of 1 M NH,CI solution were taken
in a 250 mL round bottom flask and refluxed at 80 °C for
2 h. The solution was cooled, filtered, washed with distilled
water, and dried at 120 °C for 4 h. The above procedure was
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repeated for 2 times to get complete exchange of sodium
cation Na* to ammonium cation NH,*. The resulting zeolite
NH,Y was further calcined in air at 550 °C for 5 h to intro-
duce it in a protonic form (H*). The obtained material was
designated as zeolite HY (ZHY).

2.2.2 Step 2: Anchoring of PW,, to zeolite ZHY

Synthesis of a series of catalysts comprising 10-40% of
PW,, was carried out by the incipient wet impregnation
method (Scheme 1). One gram of zeolite HY was suspended
in an aqueous solution of PW, (0.1 g/10 mL to 0.4/40 mL
in distilled water). After stirring it for 5 h, the suspension
was dried in oven at 100 °C for 10 h. The obtained catalysts
were designated as (PW,),/ZHY, (PW ,),/ZHY, (PW ,);/
ZHY, and (PW ,),/ZHY, respectively.

2.3 Characterization

2.3.1 Acidity measurements

Acidic properties of support and catalysts were determined
by n-butylamine titration and potentiometric titration
method.

Total acidity by n-butylamine titration method A 0.025-M

solution of n-butylamine in toluene and 0.025 M trichloro-
acetic acid in toluene were prepared for the assessment of

total acidity of the catalysts [38]. The 0.25 g catalyst was
suspended in 25 mL n-butylamine solution for 24 h, and the
excess base was titrated against trichloroacetic acid-toluene
solution using neutral red as an indicator. Total acidity was
calculated from the following equation.

Acidity (mmol/gm) = gm of n — butylamine (used in titration)

/molecular weight of n — butylamine

Potentiometric titration method A suspension of 0.25 g
of catalyst/support was prepared in 25 ml of acetonitrile,
stirred for about 12—15 min, and initial electrode potential
was measured (which indicates its acidic strength). To this
suspension, 0.05 M n-butylamine solution in acetonitrile
(0.1 ml) was added and allowed to stir for 3 h at 25 °C.
Then potentiometrically, it was titrated against the same
solution of n-butylamine, and the variation in electrode
potential was noted with a digital pH metre. The acidic
sites were assigned according to the following scale:
Ei> 100 mV (very strong sites), 0 <Ei <100 mV (strong
sites), — 100 < Ei <0 mV (weak sites) and Ei< — 100 mV
(very weak sites) [39].

2.3.2 Physicochemical methods

The N, adsorption—desorption isotherms (at 77 K) and BET
(Brunauer-Emmett-Teller) surface area measurements
were carried out using Micromeritics ASAP 2010 (USA)

Scheme 1 Synthesis of the
catalyst by wet impregnation

method Zeolite HY

..

Stirring 100 °C
5h 10h s
— I w
complete dry 9

Magnetic stirring bar
Heating oven

Magnetic stirrer

PW,/ZHY
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volumetric static adsorption instrument. The calculations of
pore size distributions were done through the BJH adsorp-
tion—desorption method. The JSM-7100F EDX-SEM ana-
lyser was used for the elemental analysis. Thermogravimet-
ric analysis (TGA) was carried out on the Mettler Toledo
Star SW 7.01 under the nitrogen atmosphere with a flow
rate of 2 mL min~! at 25-600 °C (ramp rate of 10 °C min~").
The Fourier transform infrared (FT-IR) spectra of the sample
were obtained in the range 4000-400 cm™' by using KBr
disc on Shimadzu instrument (IRAffinity-1S). The pow-
der X-ray diffraction (XRD) patterns for the samples were
recorded using Philips PW-1830 instrument in the 20 range
5-90° (Cu Ka radiation 2=1.54 A). The solid-state *>'P
MAS NMR spectra were recorded on JOEL ECX 400 MHz
high-resolution multinuclear FT-NMR spectrometer.

2.4 Catalyticreactions

The reaction was carried out in a 50 mL batch reactor. Lev-
ulinic acid (10 mmol, 1.16 g), n-butanol (20 mmol, 1.48 g),
and the catalyst (25 mg) were charged into the batch reactor
equipped with an air condenser, guard tube, and magnetic
stirrer. The reaction mixture was heated at desired tempera-
ture and time with continuous stirring. After completion, the
reaction mixture was cooled to room temperature and dilute
with 15 mL of dichloromethane (DCM), and centrifugation
was done. The reactants and products were analysed by a gas
chromatograph GC-FID (Shimadzu-2014) using a capillary
column RTX-5 (internal diameter: 0.25 mm, length: 30 m).
It was carried out according to the following temperature
profile: initially, the oven temperature was set at 35 °C, then
the temperature increased from 35 to 300°, with a total flow
of 9.1 mL/min, and finally to 300 ‘C with a total flow of
50 mL/min. The initial pressure was 69.4 kPa which will
increase up to 100 kPa. Throughout, the purge flow remained
3.0 mL/min. On the basis of obtained GC analysis, the %
conversion (on the basis of levulinic acid) and % selectivity
were calculated from the following equation:
initial mol % — final mol %

% Conversion = — x 100
initial mol %

les of product f d
moles of product forme % 100

% Selectivity =
y moles of substrate consumed

2.5 Leaching and hot filtration test

The leaching of PW, from the support was checked by
following the same procedure reported in literature [40].
Qualitative determination of heteropoly acids can be done
by treating it with a mild reducing agent such as ascorbic
acid, giving heteropoly blue colouration. One gram of PW,
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loaded ZHY was suspended and kept in 10 ml water for
24 h. The supernatant solution was then decanted and treated
with ascorbic acid solution. The leaching of PW,, was also
checked in the residue obtained after the reaction by hot
filtration test. After the completion of reaction, the reaction
mass was filtered hot, and the obtained filtrate was treated
with the solution of ascorbic acid.

2.6 Kinetic study

A detailed kinetic study was carried out in a temperature
range of 70 to 100 °C at time intervals of 4, 6, and 8 h (under
optimized conditions with >50% conversion) as well as at
lower time intervals, i.e. 0.5, 1, 1, 5, 2, and 3 h (with<50%
conversion) by using the same reaction pathway and method-
ology used in optimization of main reaction parameters. For
each temperature, the rate constant was calculated graphi-
cally for 1st order [log a(a—x) vs time] as well as for 2nd
order (1/(a—x) vs time where (a—X) represents concentration.
The activation energy was calculated by plotting graph of
Ink vs 1/temperature.

2.7 Regeneration study

For regeneration of catalyst, the reaction was carried out in
optimized reaction parameters by using the same pathway
that was applied in the optimization of reaction parameters.
After the first cycle, the reaction mixture was diluted with
DCM, and the catalyst was separated by centrifugation
method. The collected catalyst was then washed with 5 ml
of fresh methanol, followed by water, and dried in an oven
at 100 °C for 2 h, designated as R-PW ,/ZHY and employed
for the next cycle. The schematic representation of regenera-
tion of catalyst is shown below (Scheme 2).

2.8 Relative activity of different substrates

The esters formed via different substrate studies have a
large importance in the industry as well as in fuel blend-
ing. Hence, the synthesis of various esters using different
bio-derived acids and alcohols were performed by using the
same methodology and reaction parameters that were opti-
mized in the synthesis of n-butyl levulinate.

3 Results and discussion
3.1 Catalyst characterization
The acidity of catalysts and support was measured by n-but-
ylamine titration method. Firstly, the physical appearance

was observed in the colour change from yellow to pink.
The obtained acidity results are enumerated in Table 1.
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Scheme 2 Regeneration of

synthesized catalyst Scratch the

Reaction catalyst

mixture

centrifugation

Put the funnel

in oven §
——
(€]
Dry at 100°C Successfully
i . (till complete regenerated
i)  Filter P PW,,/ZHY

ii) Methanol wash evaperation)

iii) Distilled water wash

Table 1 Acidity measurement of support and catalysts

Materials Potentiometric titration n-Butylamine titration
Acidic Types of acidic sites (meqg™") Total no. of acidic ~ Total no. of acidic ~ Total acidity (mmolg™")
strength (mV sites (meqg ™! sites (mmolg™!

gth (mV) Very Strong Strong Weak (meqg™) ( &)

NaY 192 0.2 0.2 1.1 1.5 0.30 0.25

ZHY 289 0.4 0.4 2.5 33 0.66 0.83

(PW,),/ZHY 510 22 1.9 1.5 5.6 1.12 1.00

(PW,),/ZHY 517 3.0 2.0 2.3 7.3 1.46 1.40

(PW,)s/ZHY 525 3.4 2.4 2.0 7.8 1.57 1.57

(PW )/ZHY 528 33 1.7 3.0 8.0 1.60 1.60

NaY shows the acidity 0.25 mmol/g. The increase in acidity
(0.83 mmol/g) after treatment of NH,Cl indicates success-
ful exchange of sodium cation by the protons. The acidity
of catalysts was increased with the increase in % loading of
PW,,. This observation is due to the fact that with increase
in % loading of PW,, the Brgnsted acidic sites in the cat-
alyst increase, and hence, the total acidity increases. The
higher values of acidity of the catalysts as compared to that
of ZHY confirmed the successful impregnation of PW,, into
ZHY. However, no appreciable increase in acidity was found
from 30 to 40% which may be because of the blocking of
the Brgnsted acidic sites of the catalyst. This is attributed
to the fact that the availability of more acid sites will favour
the increase in the probability of contact of molecules on the
surface of the catalyst [30]. The higher availability of active
sites may facilitate the reverse reaction. Hence, 30% loading
was found to be optimum.

The obtained acidic strength as well as acidic sites for all
materials, determined by potentiometric titration, is enumer-
ated in Table 1, while the change in the electrode potential
as a function of mEq per grams of n-butylamine is shown in
Fig. 1. Higher acidic strength of the catalyst may be due to
the introduction of PW ,. Furthermore, it is also seen that
with increase in loading of PW,, from 10 to 30%, the acidic
sites also increase, which is in good agreement with the fact

that being a Brgnsted acid, it is expected in enhancement
of acidity as well as the acidic strength. However, with fur-
ther increase in the % loading to 40%, a negligible change
was observed which may be because of the blocking of the
Brgnsted acidic sites of the catalyst [30]. Hence, 30% load-
ing was optimized.

Textural properties of support as well as catalysts are
shown in Table 2. With increase in % loading of PW,,
BET surface area as well as pore volume and pore diam-
eter decreases which suggests the incorporation as well as
anchoring of PW, inside ZHY. Furthermore, when % load-
ing increased from 30 to 40%, no appreciable change was
observed in the surface area as well as pore diameter and
pore volume. Therefore, 30% loading was optimized, and
(PW,);/ZHY was selected for further studies. It is renamed
as PW ,/ZHY. The nitrogen adsorption—desorption iso-
therms of ZHY (Fig. 2.) shows type-1 isotherm with H1 hys-
teresis loop, a characteristic of microporous material [41].
PW,,/ZHY shows similar isotherm indicating no structural
changes in the basic structure of ZHY after anchoring of
PW,, as well as successful filling of pores of ZHY.

The results of elemental analysis by EDX mapping are
shown in Table 3 and Fig. 3. The values obtained from EDX
are in good agreement with the theoretical values indicating
successful impregnation of PW .

@ Springer
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Fig. 1 Potentiometric titration
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Table 2 Textural properties of support and catalysts

Material Surface area Pore diameter  Pore
(m¥g) A) volume
(cm®/g)
NaY 609 20.5 0.024
ZHY 560 20.8 0.034
(PW ), /ZHY 445 21.9 0.021
(PW,),/ZHY 391 20.5 0.019
(PW,)s/ZHY 330 20.6 0.018
(PW ) /ZHY 326 20.4 0.016

The TGA of pure PW, (Fig. 4a) shows first weight loss
of 16% appearing at temperature lower than 130 °C which
corresponds to loss of adsorbed water molecules. The sec-
ond weight loss of 4.67% was observed between 130 and
250 °C due to loss of crystalline water molecules, and the
final weight loss of 3.73% up to 550 °C corresponds to
decomposition of Keggin unit into the simple oxides [42].
The TGA of ZHY (Fig. 4b) shows first weight loss of 20%
between a temperature range of 60 to 150 °C linked to the
dehydration of the water adsorbed, physically/chemically, on
the surface of the material [43]. The second loss of 6.01%
in the temperature range of 150 to 250 °C corresponds to
the elimination of water molecules produced by the dehy-
droxylation of silicate and aluminium [43, 44]. The observed
last weight loss of 3.63% up to 550 °C may be due to the
presence of impurities. However, no any significant weight
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loss after 250 indicates the stability of the ZHY at higher
temperature. TGA of PW ,/ZHY (Fig. 4c) shows weight loss
in two steps. Initially, weight loss of 20.01% was observed
up to 150 °C due to the loss of adsorbed water molecules,
whereas the second and third weight loss (2.99% and 2%)
between 150 and 550 °C correspond to the loss of the crys-
talline water molecules present in Keggin unit and support’s
impurity respectively. No further sharp weight loss indicates
stability of the catalyst at higher temperature.

FT-IR spectra of PW,,, ZHY, and PW ,/ZHY are
shown in Fig. 5. ZHY shows broadband at 3433 cm™!
corresponds to hydroxyl group of Si—~OH bonds. The
most intense band of ZHY corresponding to the internal
Si—0(Si) and Si— O(Al) asymmetric stretching vibrations
of primary structural units, i.e. SiO, and AlO, tetrahedra,
is located at 1145 cm™" and 1057 cm™, respectively, while
the bands at 785 cm™! and 578 cm™ correspond to sym-
metric stretching vibrations of Si—O —Si and Si—O — Al
bridges, respectively [41]. The typical bands for PW,
are observed in PW,,/ZHY are 1080 cm™! and 897 cm™!
due to P-O stretching and W-O-W asymmetric stretch-
ing, respectively [30, 45]. The presence of these bands
reveals that the primary structure of PW,, Keggin unit is
preserved in the synthesized catalyst. The absence of other
bands may be due to the superimposition with that of the
bands of ZHY in the same region at 982 and 821.

The powder XRD patterns for PW,, ZHY, and PW,/
ZHY are shown in Fig. 6. The diffractograms of ZHY
showed intense reflections at 20 =6.55°, 10.3°, 11.3°,



Biomass Conversion and Biorefinery (2024) 14:11549-11567 11555
Fig.2 Nitrogen adsorption—des-
orption isotherms of a ZHY and
b PW,,/ZHY a
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Table 3 Elemental analysis of Material Si(wt%) O wWi%) Al (Wi%) P (wi%) W (wt%)
PW ,/ZHY
By EDX  Theoretical By EDX  Theoretical
PW,,/ZHY 21.24 53.56 7.41 0.23 0.24 17.48 17.56

Fig. 3 EDX mapping of PW,/
ZHY
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15.8°, 17.6°, and 23.7°; 27.7° corresponds to (111),
(220), (311), (331), (511), (533), and (553) planes [46].
The X-ray diffraction pattern of PW ,/ZHY was found to
be similar to the ZHY indicating the zeolite framework
is not affected by the impregnation of PW,,. On the con-
trary, no characteristic diffraction peaks related to PW,

were observed which suggests its well dispersion inside
the pores of ZHY.

The *'P MAS NMR spectra of PW,, and PW,,/
ZHY are presented in Fig. 7. PW, shows chemical shift
at—15.626 ppm (inset), and it is in good agreement with
the reported value [47]. The catalyst, PW ,/ZHY, shows

@ Springer
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Fig.4 a TGA plot of PW ,. b TGA plot of ZHY. ¢ TGA plot of PW ,/ZHY

chemical shift at— 12.484 ppm. The observed change in the
chemical shift can be attributed to the strong interaction of
PW,, with ZHY as well as partial dehydration of PW, [48].

3.2 Catalytic performance

The esterification of levulinic acid with n-butanol
(Scheme 3) was studied in detail by varying different param-
eters such as % loading of PW,, mole ratio of levulinic
acid to n-butanol, temperature, catalyst amount, and time to
achieve maximum % conversion of levulinic acid.

First of all, influence of % loading of PW, on the conver-
sion was studied (Fig. 8a). It was observed that the reaction
progresses well with the increase in the amount of PW,
from 10 to 30%, in good agreement with the values of acidic
sites/strength (Table 1). Inversely, in case of 40% PW,,, it
decreases, may be due to the blocking of active sites which
restrict the reactant molecules to access more active catalytic
sites to the availability of more acid sites, which favours the
increase in the probability of contact of molecules on the
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surface of the catalyst [49]. The higher availability of active
sites may facilitate the reverse reaction. Hence, the catalyst
consist of 30% loading of PW |, was selected to study other
reaction parameters.

Figure 8b shows the effect of mole ratio of levulinic acid
to n-butanol (1:1 to 1:3), and the results clearly revealed that
initially increase in mole ratio from 1:1 to 1:2 leads to increase
in % conversion from 64 to 88% as well as the selectivity of
ester. Further increase in the mole ratio to 1:3, the % conver-
sion significantly decreased to 81% with almost no difference
in selectivity of ester. This may assign to the higher viscos-
ity of the solution which will slow the mass transfer. On the
other hand, the increase in the amount of n-butanol in reaction
media increases the dilution which may lead to the in situ
esterification followed by pushing the equilibrium to the prod-
uct [49]. Hence, % conversion reduced. The mole ratio of 1:2
was selected looking to maximum 88% conversion.

The effect of catalyst amount was studied by varying the
amount between 25 and 75 mg as shown in Fig. 8c. Obtained
results show that with increase in catalyst amount, % conversion
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Fig.7 3'P MAS NMR spectra of inset. a PW,, and b PW,/ZHY

also increases up to 50 mg which is in good agreement with
the known fact that the higher catalyst amount leads to higher
active sites which will increase the rate of conversion. Maxi-
mum 93% conversion was achieved by using 50 mg of the cata-
lyst. However, % conversion and selectivity readily decreased
for 75 mg. The reason behind decreased conversion pointed out
the increase in mass density due to solvent-free reaction [50].
Accordingly, 25 mg of catalyst amount is optimized.

To study the influence of temperature, reaction was
screened for a range from 70 to 110 °C, and the obtained
results are presented in Fig. 8d. With increase in temperature
from 70 to 90 °C, % conversion increased tremendously from
60 to 88%. This may be due to the fact that the esterification
reaction is endothermic, and it endorses reaction equilibrium
in forward direction at higher temperature as well as increase
in the collisions between reactant molecules and catalyst. How-
ever, at 100 °C, a negligible change was observed in the % con-
version as well as selectivity of ester. After that, the catalytic
activity was also studied at higher temperature, i.e. 110 °C,
and nearly complete conversion (99%) with 100% selectivity
was achieved. Keeping in mind the industrial aspects (energy
saving), 90 °C was considered optimal as achieving higher
temperature is also an energy-demanding process.

The effect of time was also studied between 2 and 12 h
with interval of 2 h as shown in Fig. 8e. The gradual increase
in % conversion was observed from 45 to 88% with increase
in time initially up to 8 h. The increased time allowed the
esterification reaction to proceed more thoroughly. Respec-
tively, the selectivity for esters also increased from 89 to 99%.
With further increase in time, the reaction may precede in
backward direction as expected that ester decomposes to form
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Scheme 3 Esterification of
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initial substrates at higher time. The % conversion initially
decreased to 77%. Therefore, there was no such increase of %
conversion from 10 to 12 h. Hence, 8 h is optimized.

Furthermore, to better understand the catalytic activity,
we have also carried out reactions at higher temperature with
lesser time. At 110 °C, the reaction proceed well even at
lesser time. The % increases from 67 to 98% with the selec-
tivity of 97-100% by varying it from 2 to 6 h. The reaction
gave 99% conversion with the complete selectivity in 8 h. As
our focus is to achieve good results in mild reaction condi-
tions, we avoided higher temperature.

The optimized conditions for maximum % conversion
(88%) and selectivity of ester (99%) are as follows: mole
ratio of acid to alcohol 1:2, catalyst amount 25 mg (active
amount of PW, 5.77 mg), reaction temperature 90 °C, and
time 8 h). Turnover frequency (TOF) was calculated by using
the following formulas, found to be 425 h~!. TOF = number
of moles of product/[number of moles of catalyst X reaction
time (h)]. Number of moles of catalyst was calculated by
taking the active amount of PW,.

Also, TOF was calculated using these reaction conditions:
mole ratio of acid to alcohol 1:2, catalyst amount 25 mg,
reaction temperature 90 °C, and time 2 h, which gives 45%
conversion of levulinic acid with 89% selectivity of n-butyl
levulinate. It was found to be 811 h™!.

3.3 Leaching and hot filtration experiment

In the leaching as well as hot filtration test, no blue coloura-
tion was observed which indicates the absence of leaching
of PW, from the support ZHY.

3.4 Kinetics: determination of activation energy
(Ea)

A detailed kinetic study was carried out in a temperature
range of 70 to 100 °C at time intervals of 4, 6, and 8 h
under optimized conditions, where the % conversion of
levulinic acid is > 50%. For each temperature, the rate
constant was calculated graphically [51] for 1st order [log
a(a—x) vs time] as well as for 2nd order (1/(a—x) vs time)
and found to follow 2nd order (Table 4). Supplementary

Table 4 Rate constants k (M~! min~") at different temperatures (%
conversion >50%) and activation energy (Ea)

Temperature (K) Rate constant k (M~ min™") Activation

energy Ea (kJ/
mol)

343 2.98x107* 80

353 1.04x 1073

363 2.28x1073

373 3.03x1073

Fig. S1 shows the plot of 1/(a—x) vs time at different tem-
peratures, and the obtained rate constant is the value of
slope. The straight line and values of R>>0.95 show the
reaction is followed by second order. For any heterogene-
ous system, activation energy plays a very important role.
The activation energy was calculated from the graph of Ink
vs 1/T (Fig. 9a) using the Arrhenius equation. It was found
to be 80 kJ/mol. In chemical kinetics, it is believed that
kinetic studies at higher % conversion may tend to leave
reaction to thermodynamic equilibrium. To justify this, we
have carried out the kinetic experiments keeping <50%
conversion of levulinic acid in a temperature range of 70
to 100 °C at time intervals of 0.5, 1, 1.5, 2, and 3 h. The
rate constants were calculated graphically (Supplementary
Fig. S2) for the same is enumerated in Table 5. Figure 9b
approved that there were no such complications arise in
the present study. Also, the values of activation energy are
quite similar, i.e. 80 and 78.92 kJ/mol for kinetic studies
at higher as well as lower % conversion respectively. In
case of liquid phase reactions using heterogeneous cata-
lyst, it is important to know whether the reaction is limited
by diffusion regime, or it is governed by a chemical step.
Hence, it is necessary to calculate energy of activation. It
is already reported that if the activation energy lies in the
range 10—15 kJ/mol, then the reaction is said to follow dif-
fusion regime, and if the activation energy is found to be
more than 25 kJ/mol, then the reaction is governed truly
by chemical step [52]. The calculated activation energy is
greater than 25 kJ/mol and confirms that the reaction is
truly governed by a chemical step.

3.5 Control experiments

The results of control experiments are illustrated in Table 6.
ZHY gives 53% conversion along with 95% selectivity of
ester, whereas PW,, gives complete conversion as well as
selectivity. However, it should be noted that PW , behaves
as a homogeneous catalyst, completely soluble in the reac-
tion medium making separation very difficult and restrict the
regeneration of catalyst. At the same time, PW ,/ZHY gives
88% conversion and 99% selectivity of ester with the advan-
tage of being heterogenous with the synergy of Bronsted as
well as Lewis acidity. Thus, we are succeeded to synthesize
a catalyst which is truly heterogeneous in nature.

3.6 Regeneration of catalyst and its
characterization

The regeneration experiments were carried out, and the
results are shown in Fig. 10. The catalyst showed consistent
activity with negligible change in the rate of conversion and
selectivity of the desired ester up to three consecutive cycles.
This suggests no leaching of PW, and hence gives nearly

@ Springer



11560 Biomass Conversion and Biorefinery (2024) 14:11549-11567

Fig.9 a Plot of Ink vs 1/T (%
conversion >50%). b Plot of Ink a
vs 1/T (%conversion <50%) -5.5 -
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Table 5 Rate constants k (M~' min~!) at different temperatures (%
conversion <50%) and activation energy (Ea)

Temperature (K) Rate constant k Activation
M~ min™") energy Ea (kJ/
mol)

343 8.32x107° 78.92

353 1.77%x107*

363 5.02x107

373 6.96x 107

Table 6 Control experiments

Catalyst % conversion % Selec-
tivity of
esters

lzHy 53 95

PW,, 100 100

SPW,,/ZHY 88 99

Reaction conditions: mole ratio 1:2 (levulinic acid: n-butanol),
reaction temperature 90 °C, reaction time: 8 h. Catalyst amount
1=19.23 mg, 2=5.77 mg (active amount of PW ,), 3=25 mg

constant activity up to three cycles. Furthermore, the catalyst
was characterized by acidity measurements, BET and FT-IR.

The total acidity of regenerated catalyst (1.50 mmol/g)
was found to be good agreement with that of fresh cata-
lyst (1.57 mmol/g). The N, sorption isotherms (Fig. 11)
for both fresh and regenerated catalyst demonstrate iden-
tical isotherms support the sustainability of catalyst.
Additionally, in FT-IR analysis (Fig. 12), the presence
of all the characteristic bands of Keggin unit and that of
the support indicates the stability and firm interaction
of PW, with ZHY.

3.7 Relative reactivity of different acids
and alcohols

Esterification of levulinic acid with different alcohols
(C3 to C8) was carried out, and results are shown in
Fig. 13. It is very impressive that the catalyst shows
% conversion in a range of 67-97% and selectivity of
almost > 90% towards all the synthesized esters. It is
clear from Fig. 13 that % conversion decreases with the
increase in the carbon chain length of primary alcohols.
Secondary as well as tertiary alcohols have less conver-
sion as compared to primary alcohols. The reactivity of
the alcohols follows the expected trend: primary > sec-
ondary > tertiary alcohols [53]. A decrease in the reac-
tivity of secondary, tertiary, and branched alcohols may
assign to steric hindrance on hydroxyl group of the alco-
hol, which effectively reduces the nucleophilic attack of
that on carbonyl carbon of the carboxylic acid group in
levulinic acid. It is known that steric hindrance is the
slowing of reactions due to steric bulk, blocking the
approach of carboxylic acid in esterification system.
Also, steric hindrance can be seen when the molecules
surrounding an active site unintentionally shield it due to
the way they are situated around it. A steric hindrance is
also responsible for lower conversion in primary alcohols
having longer carbon chain length. It is worth to note
down that in literature, mainly in patients, the synthesis
of propyl levulinate is not widely studied, and present
catalyst gives attractive result for the same (96% conver-
sion and 95% selectivity). It should also be noted that
very few reports are available on esterification of lev-
ulinic acid with longer chain alcohols (C5 to C8) using
heterogeneous catalysts [54-56], and especially, the

Fig. 10 Regeneration experi-
ments: reaction conditions.
Mole ratio 1:2 (levulinic acid: 120
n-butanol). Catalyst amount
25 mg. Active amount of PW ,: o= 99
5.77 mg. Temperature 90 °C. E 100 88
Time: 8 h 8
—
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3 80
~
g 60
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Fig. 11 Nitrogen adsorption—
desorption isotherms of a PW ,/ 120
ZHY and b R-PW ,/ZHY
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Fig. 12 FT-IR spectra of a PW,,/ZHY and b R-PW ,/ZHY

synthesis of pentyl levulinate is the subject of intensive
research, as the literature has reported its synthesis by
using ionic liquids [54]. It is noteworthy that, amongst
these alkyl levulinates, most of levulinates have superb
commercial applications, mostly in fuel blending. On the
other hand, esterification of some bio-based carboxylic
acids with n-butanol was also performed (Fig. 14). All

@ Springer

are straight-chain aliphatic acids that converted to the
corresponding esters with a good % conversion (50-98%)
under optimized conditions. Malonic acid and monoacids
(palmitic acid and lauric acid) gave complete selectivity
on the esterification with n-butanol. However, di-acids
(fumaric acid, adipic acid, and succinic acid) showed
dual selectivity of monoesters as well as diesters and
difficult to achieve good selectivity for desired ester, i.e.
diesters. For example, in case of succinic acid, few heter-
ogenous catalysts have been reported [57-59] with excel-
lent conversion with law selectivity for diester, either
in the presence of solvent or at comparatively higher
temperatures (> 100 °C) with higher catalyst amount. In
contrast, the present catalyst proves to works effectively
at a lower temperature (90), using low catalyst amount
and without solvent towards good selectivity (40%) for
diester. The importance of data can be explained in terms
of the strong Bronsted acidity of PW,). It should be
noted that increasing the Bronsted acidity via higher
loading of active species or higher catalyst amount may
further increase the diesterification. Thus, the catalyst
comes out with distinctive reactivity towards formation
of respective esters and explores its versatile catalytic
approach towards the acids.

3.8 Comparison with reported catalysts
It is seen from Table 7 that the present catalyst is superior

in terms of the catalyst amount as well as TOF amongst
all. It is interesting to note down the difference in activity
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Fig. 13 Esterification of
levulinic acid with different
alcohols over PW ,/ZHY. 120
Reaction conditions. Mole ratio:
1:2. Catalyst amount: 25 mg.
Temperature: 90 °C. Time: 8 h
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of entries 4 and 5, instead of the presence of similar active
species, i.e. PW,,, which PW,/ZHY is better than PW ,/
MCM-22 in terms of % conversion. This can be explained
on the basis of nature of the support. It is well known that
support does not play always merely a mechanical role in
terms of surface area as well as the stability of the active
species, but it can also modify the catalytic properties of the
same, i.e. PW,,. ZHY has larger surface area (560 m%/g) as
well as higher acidity (3.3 meqg™') than MCM-22 (surface
area — 344 m?/g, acidity — 1.4 meqg~") Hence, ZHY offers
better availability for PW, to interact. Furthermore, ZHY
has less Al framework than that of MCM-22. Accordingly,
PW ,/ZHY contains higher strong acidic sites (5.8 meqg™"),
while PW ,/MCM-22 contains 2.8 meqg~", in good agree-
ment for the higher activity hence superiority.

The present catalyst has also been compared with the clas-
sical ion-exchange resins. In 2016, J. Tejero et al. have studied
various acidic ion-exchange resins to synthesize n-butyl levuli-
nate (entries 5 to 12). They have carried out the experiments

in a stainless-steel autoclave operated in batch mode with an
electrical furnace controlling at 2.5 MPa using the reaction
conditions temperature 80 °C, acid to alcohol molar ratio 1:3,
catalyst amount 0.0004 g, and time 8 h with % conversion
ranged from 64 to 94%. In the very next year, Ramli et al. have
reported synthesis of n-butyl levulinate (55.3% conversion
of levulinic acid) over an ion-exchange resin, Amberlyst-15
(entry 13) at temperature of 117.7 °C, acid to alcohol molar
ratio 1:20, catalyst amount 0.348 g, and time 5 h. On a view-
point of cost economy, the present catalyst is superior as the
experiments were performed without any high-cost equipment
as well as at lower temperature. Thus, even though classical
resins are cheaper, the used harsh conditions make them eco-
nomically less attractive. On the other hand, proposing a new
catalyst, prepared with a specific route, would surely affect
the economy of the process in terms of costs as synthesis of
levulinates were carried out under mild conditions such lower
temperature/catalyst amount/mole ratio of acid to alcohol and
most importantly in a simple batch reactor.

Fig. 14 Esterification of dif-
ferent bio-platform molecules
with n-butanol over PW ,/ZHY. 120

Reaction conditions. Mole ratio:
1:2. Catalyst amount: 25 mg. 100 98
Temperature: 90 °C. Time: 8 h
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Table 7 Comparison

. Entry  Catalyst Reaction conditions % conv.  TOFh™!  Reference

with reported suppo.rted . Mole ratio/catalyst

12-tung§t0phopshorlc aC}d as amount(g)/temp. °C/

well as ion-exchange resins time (h)
1 (NH,), sAgysH,PW 1:2/0.174/120/2 99 33 [27]
2 HPA/C-Sil-1 1:5/0.1/100/5 93 355 [28]
3 Fe;0,@8Si0,@Si0,/TPA ;g0n, ~ 1:2/0.1/80/7 95 15 [29]
4 PW,,/MCM-22 1:3/0.05/90/8 68 212 [30]
5 Amberlyst 46 1:3/0.004/80/8 63.9 - [17]
6 Amberlyst 15 1:3/0.004/80/8 69.8 - [17]
7 Amberlyst 35 1:3/0.004/80/8 70.9 - [17]
8 Amberlyst 16 1:3/0.004/80/8 74.9 - [17]
9 Amberlyst 36 1:3/0.004/80/8 78.1 - [17]
10 Amberlyst 70 1:3/0.004/80/8 81.0 - [17]
10 Amberlyst 39 1:3/0.004/80/8 86.6 - [17]
12 Purolite CT-224 1:3/0.004/80/8 90.6 - [17]
10 Dowex 50Wx8 1:3/0.004/80/8 81.3 - [17]
11 Dowex 50Wx4 1:3/0.004/80/8 92.4 - [17]
12 Dowex 50Wx2 1:3/0.004/80/8 93.6 - [17]
13 Amberlyst 15 1:20/0.348/117.7/5 553 - [60]
14 PW,,/ZHY 1:2/0.025/90/8 88 425 Present work

3.9 Reaction mechanism

The reaction mechanism for levulinic acid esterification with
n-butanol is reported earlier by our group [30]. An adsorp-
tion of acid on the Brgnsted acid sites of PW ,/ZHY leads
to formation of protonated acid intermediate, and the elec-
trophilicity of carbonyl carbon increases. At the same time,
the carbonyl carbon is attacked by the nucleophilic oxygen
of alcohol to form oxonium ion intermediate. The tetrahedral
intermediate loses a water molecule and forms n-butyl levuli-
nate. The Brgnsted acidity of PW, as well as Lewis acid sites
of ZHY plays a significant role in governing the reaction in
forward direction. Also, the activity of ZHY is related to the
formation of the transition state inside the channels [61]. Both
the Lewis and Brgnsted acidic sites of PW,/ZHY enhance the
proton accessibility and favour the overall reaction.

4 Conclusion

We succeeded to develop a solid acid catalyst with the
possibility to upscale catalytic process by avoiding cor-
rosion and waste liquid acid separation by combining
the advantages of the high Bronsted acidity of 12-tung-
stophosphoric acid and the three-dimensional porous
system of zeolite. The catalyst was characterized by
various physicochemical methods to confirm incorpora-
tion of PW, into ZHY, intact structure, interaction, and
stability. Under the optimized conditions, the catalyst

@ Springer

shows superb activity for the synthesis of n-butyl levuli-
nate with almost complete selectivity, 99%. This method
of production of n-butyl levulinate is solvent-free and
sustainable as it is recycled and used up to multiple
cycles, leading to the possibility of reaction system to
upgrade renewable biomass, one of the main goals of
green chemistry. Furthermore, the catalyst comes out
with outstanding catalytic approach as compared to that
of the reported catalysts for the same. To demonstrate its
wide applicability, the catalyst was applied for different
substrates including C3-C8 alcohols/bio-based carbox-
ylic acids and outcomes with selectivity in the range of
49 to 100% showing its versatility. Especially, the syn-
thesis of propyl levulinate is found to be very attractive
with 96% conversion and 95% selectivity. The catalyst
was also found to be very active towards the formation of
diesters, due to the presence of strong Bronsted acidity
arising from PW,. As the influence of fuel blending of
levulinates is of topmost researches, the present catalyst
can be explored for the synthesis of large variety of bio-
valuable products.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13399-022-03279-2.
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