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Abstract:

Ni nanoparticles supported on various mesoporous silicas with 2D (COK-12) and 3D architectures (KIT-6 and SBA- 16) exhibited
10 superior catalytic performance in the vapor -phase hydrocyclization of biomass-derived levulinic acid at atmospheric pressure. The
catalysts were systematically characterized by XRD, N, physisorption, FTIR, SEM-EDAX, NH;-TPD, TPR, H, chemisorption, HRTEM,
and XPS techniques. The retention of the mesoporous structure of the catalysts was confirmed by the low angle XRD, pore size
distribution, SEM, and TEM. TPR results suggested the presence of Ni particles inside the 3D-pore architecture of SBA-16 and KIT-6.
Where in the case of 2D- architectured silica (COK-12), most of the Ni particles were laid on the surface of the support and/or no
15 particle found in the inside of the pore. The Physico-chemical characteristics like confinement-effect and interconnected network of the
catalysts play a crucial role in the catalytic activity and product distribution. Deep hydrogenation of levulinic acid to 2-methyl
tetrahydrofuran was observed over Ni supported on 3D architectured silicas (KIT-6 and SBA- 16) which can be attributed to confinement

of Ni nanoparticles in 3D architectured silicas.

Keywords: 2D and 3D architectures; levulinic acid; interconnected network; mesoporous silica; Ni Dispersion.
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Introduction:
The guaranteed continuous availability of biomass makes
our attention to concentrate on the transformation of
2s biomass/biomass-derived ~ platform  molecules to  useful
chemicals/fuels. Recent statistics revealed the lifetime of non-
renewable sources such as crude oil, natural gas, and coal were 46,
58 and 116 years, respectively '. In the scenario of future fuel crisis
due to the depletion of fossil fuel resources, it is necessary to search
for alternative fuels. Utilization of biomass is one of the options as
of now, because of its availability at an affordable price and carbon
neutrality maintenance. The biomass-derived platform molecules,
levulinic acid (LA), hydroxyl methyl furfural (HMF), Cellulose,
glucose, and fructose are just to name a few. Among these platform
molecules, LA occupies the top 12 potential molecules »* because
of its simple accessible; through the acid hydrolysis of cellulosic
biomass *~%. The presence of highly reactive groups such as -C=0
and—COOH, makes attractive the transformation of levulinic acid to
a large number of fuels, fuel additives and chemicals °. A plethora
40 of research has been devoted to the conversion of levulinic acid to
various products viz, y-valerolactone, 2-methyl tetrahydrofuran,
alkyl levulinates, N-alkyl pyrrolidine, 1, 4-pentanediol, diphenolic
acid, acrylic acid and acetyl acrylic acid etc. Among these products,
y-valerolactone is regarded as an important chemical due to its
variety of uses such as fuel additive, solvent, insecticide, adhesive,
cutting oil, break fluid, coupling agent in dyes and its conversion to
yield the diesel fuel, jet fuel and other fuels. y-valerolactone can be
prepared by the hydrogenation of levulinic acid in the presence of
homogeneous and heterogeneous catalysts '® ''.  Although
so homogeneous catalysts are efficient, they have certain
disadvantages like separation of the catalyst after the reaction and
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recyclability. To overcome this problem, various heterogeneous

catalysts have been used in the levulinic acid hydrogenation in a

batch mode '°. However, continuous process is more favorable in
ss view of green chemistry requirements like removal of toxic and
volatile organic solvents.

Nowadays, mesoporous materials found to be attract
considerable attention owing to their potential applications in the
adsorption, separation, and catalysis efc., due to their high surface
area, high porosity, uniform pore size and diffusion limitations.
These features provide a consistent and well-isolated environment
for the growth of nanoparticles, which is of particular interest for
size- dependent reactions '*'®,

In continuation of our ongoing research in the
development of Ni- based catalysts for hydrocyclization of levulinic
acid in continuous process at atmospheric pressure '°?%. The present
work aims the application of nickel nanoparticles supported on
various 2D and 3D-architectured mesoporous silicas for the vapor
phase hydrocyclization of levulinic acid. Elucidation of confinement
of Ni particle and architecture of silica on the catalytic activity and
product distribution is also the one of the objectives of the present
study.

6

S

6:

5

7

S

Experimental:

Preparation of KIT-6

KIT-6 mesoporous silica was prepared according to the procedure

described elsewhere 2*. In a typical synthesis, a homogeneous

solution was obtained by dissolving 32.0 g of P123 (M/s. Sigma-

Aldrich Chemicals, USA) and 63.0 g of 35.0 wt% hydrochloric acid

s0 in 1150 g of deionized water under magnetic stirring for 8 hr at 35
°C. To this solution, 32 g of 1-butanol was added followed by
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stirring for 1 h at 35 °C, 68.8 g of tetraethylorthosilicate (TEOS)
was added at once to the P123-butanol-HCI solution. This mixture
was continuously stirred at 35°C for 24 h, for the formation of KIT-
6 silica phase. The mixture containing KIT-6 was then heated at
130°C for 24 h under static conditions in a Teflon-lined autoclave.
The temperature aging process was applied to broaden the silica
pore diameters. The KIT-6 product was filtered and dried at 100 °C
in air. The product was washed with an HCI- ethanol mixture to
extract the P123 as much as possible and was subsequently calcined
at 550°C for 5 h in air.
Preparation of COK-12
The ordered mesoporous silica, i.e., COK-12 was prepared by self-
assembly method** using long chain ionic surfactant, i.e., P123 as
template and sodium silicate as SiO, source which was subsequently
used as support for the Ni catalyst. In a typical procedure, COK-12
was prepared by dissolving the 4 g of the triblock copolymer
pluronic P123 (M/s. Sigma Aldrich Chemicals, USA) in 107.5 ml of
water. To this solution 3.684 g of citric acid monohydrate (M/s. S.
D. Fine chemicals, India) and 2.54 g trisodium citrate (M/s. S. D.
Fine chemicals, India) were added. The resulting surfactant solution
was stirred for 24 h. 10.4 g sodium silicate solution (10% NaOH,
27% Si0O,, (M/s. Merck, Germany) was diluted with 30 g of H,O
and added to the surfactant solution. The pH was measured prior to
and after sodium silicate addition. The solution was stirred for 5 min
at 175 rpm with a mechanical stirrer and kept at room temperature
(20 °C) without agitation for 24 h. The synthesized material was
filtered with several washings using deionized water and dried at
60°C overnight in an air. Finally, the support was calcined in the air
in two steps, 8 h at 300 °C and 8 h at 500 °C with 1°C min™
ramping.
Preparation of SBA-16

SBA-16 was prepared by using a triblock copolymer
surfactant (EO;psPO79EO ¢, called F127 (M/s. Sigma Aldrich
chemicals, USA)) as a  structure directing  agent,
tetracthylorthosilicate (TEOS, M/s. Sigma-Aldrich chemicals, USA)
as silica source at low acid concentration without using NaCl salt %,
In a typical procedure, 3.72 g of F127 was dissolved in 139 ml 0.5
M HCI at 40°C. After 2-3 h stirring, 18 ml of TEOS was added
dropwise. The solution containing molar composition = 1 TEOS:
0.00367 F127: 0.864 HCI: 100.231 H,O was stirred for 20 h at
40°C, and subsequently transferred to Teflon bottle and aged at
autogenous pressure for 24 h at 100°C. The material was filtered
with several washings with deionized water and dried at 80°C, and
then calcined at 550°C for 4 h with a heating rate of 3 °C min™'.
Preparation of mesoporous silica supported nickel catalysts
Mesoporous silica (KIT-6, COK-12 and SBA-16) supported Ni
catalysts with 30 wt% Ni loadings were prepared by wet
impregnation method. In a typical synthesis procedure, the 3.5 g of
mesoporous silica and 7.4 g of Ni(NO3), 6H,0 (AR grade obtained
from M/s. Loba Chemie, India) was dissolved in deionized water
and kept it on hot plate at 80 °C, stirred at a rate of 300 rpm until the
complete dryness. The prepared catalysts were dried overnight at
100°C and calcined at 450°C for 5h in an air. The prepared catalysts
Ni/KIT-6, Ni/COK-12, and Ni/SBA-16 were designated as NK6,
NC12 and NS16 respectively. The mesoporous silica supports KIT-
6, COK-12, and SBA-16 were designated as K6, C12, and S16
hereafter respectively.
Characterization of the catalysts:
Powder X-ray diffraction (XRD) patterns of all the catalysts were
recorded on a Ultima IV diffractometer (M/s. Rigaku Corporation,
Japan) with a scanning rate of 0.02° using Ni filtered Cu Ka
radiation (A= 1.5406 A) with a scan speed of 4°min~' and a scan
range of 10 —80°at 40 kV and 20 mA.
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The BET surface area, pore size, and pore volume of all the
catalysts were performed on a Quantachrome Qudrasorb SI by N,
adsorption-desorption at liquid N, temperature.
The morphological studies of catalysts were carried by both S-4800
scanning electron microscope (M/s Hitachi Company, Japan) along
with energy dispersive X-ray analysis (EDS) (LINK ISIS-300, M/s.
Oxford) with an accelerating voltage of 15 kV.
The TEM images were obtained on a JEOL JEM 2000EXII
apparatus operating between 160 and 180 kV respectively. For TEM
analysis, the samples were suspended ultrasonically in ethanol and
then dropped onto the carbon coated copper grid, the solvent was
then evaporated in an air oven at 80 °C for 6 hours.
Temperature programmed reduction (TPR) was carried out on a
homemade system to evaluate reducing behavior of the nickel and
also metal support interaction or location of the metallic particle
either in outside or inside of the pores of support. Prior to TPR
analysis, the catalyst was heated to 140°C at 20 °C min' and held
for 30 min to remove the moisture, then bring down to 40°C
followed by heating to 900 °C at 20 °C min' in a flow of gas
consisting of 5% H, balance Argon (50 mL min™").
X-ray photoelectron spectroscopy (XPS) data were obtained using
AXIS 165 apparatus (M/s. Kratos Instruments, UK) with Al K,
target and 1486.6 eV energy at a maximum power of 12.5 kV and
16 mA current. The surface of the sample was cleaned using a 5 kV
argon ion gun.
The FTIR spectra was recorded on a spectrum GX spectrometer
(M/s. Perkin—Elmer, Germany) in the scan range of 4000-400 cm™.
Furthermore, pyridine adsorbed FTIR spectra was obtained for
which procedure was described in our previous publication'.
Temperature programmed desorption of ammonia of the catalysts
were measured by means of AUTOSORB-iQ, automated gas
sorption analyser (M/s. Quantachrome Instruments, USA) to know
the acidity. Prior to desorption, the catalyst samples has been
soaked with the ammonia (5 % NH; balance Helium) at 80 °C for 30
minutes, followed by removal of the physisorbed NH; through the
stripping with Helium at the same temperature for 30 minutes.
Afterwards, the temperature was raised to 800 °C at 10 °C min™,
with simultaneously monitoring of the desorbed NH; with the
inbuilt TCD in a flow of Helium (60 ml min™).The number of
surface Ni sites was obtained by H, chemisorption, measured on an
AUTOSORB-iQ, an automated gas sorption pulse analyzer (M/s.
Quantachrome Instruments, USA). Prior to chemisorption, the
catalyst was reduced in-situ under pure H, flow by heating up to
500 °C with a heating rate of 10 °C/min, held for 2 h, followed by
evacuation for 2 h, and cooling to 40 °C. Multiple pulses of pure
hydrogen were injected onto the catalyst through a septum with 100
pL syringe until saturation was observed.
Activity test

Catalytic tests were carried out in a fixed-bed quartz
reactor (14 mm id and 300 mm long) at atmospheric pressure. In
each catalytic run, 1g of the catalyst and same amount of the quartz
particles were loaded at the centre of the quartz reactor. Prior to the
reaction, the catalysts was reduced at 500 °C for 4 h in a H, flow of
30 ml/min. Then the temperature was brought down to the reaction
temperature where levulinic acid was fed at a flow rate of 1ml/h
using a syringe feed pump (M/s. B. Braun, Germany) with a
WHSV = 1h"" along with H, . The product mixture was collected in
an ice cooled trap at the regular intervals and analyzed by FID
equipped gas chromatograph, GC-17A (M/s. Shimadzu Instruments,
Japan) and confirmed by GC-MS, QP-5050 (M/s. Shimadzu
Instruments, Japan).

Results and discussion:
X-ray diffraction (XRD) studies
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Figure - 1. Small angle XRD patterns of calcined mesoporous silica
supported Ni catalysts.

Figure - 1 depicts the low angle XRD patterns of
mesoporous silica supported Ni catalysts calcined at 450°C for 5h
which clearly demonstrates the conservation of its structural
integrity even after deposition of Ni (30 wt %). It is significant that
the conservation of structural reliability during the entire process
(impregnation, drying, and calcination) to get final catalyst is an
important feature '* ' 2%, The NC12 catalyst showed well-resolved
diffraction patterns which were indexed as (100), (101) and (200)
planes of hexagonal space group symmetry p6mm >, The low
angle XRD patterns of NS16 catalyst demonstrates a prominent
peak at 0.89° (110) and other two small peaks at 1.25° (200) and
1.54° (211) on a 20 scale and signifying the presence of ordered
mesopores with body-centered cubic symmetry (Im3m) 2%, While
the NK6 catalyst demonstrates a reflections, in the low angle region,
which could be assigned to the (211) and (220) planes of 3D cubic
structure indicative of retaining its ordered mesopores ascribed to
Ia3d symmetry even after Ni deposition '*'®,
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Figure - 2. Wide angle XRD patterns of calcined mesoporous silica
supported Ni catalysts. ICDD.No. 78-0429 for NiO.
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Figure - 3. Wide angle XRD patterns of reduced mesoporous silica
supported Ni catalysts. ICDD.No. 88-2326 for Ni.

The XRD patterns of all the calcined catalysts (Figure - 2)
indicates the presence of NiO crystalline phase at 37.29°, 43.4°,
62.87°,75.41° and 79.40° only on 2-theta scale. The XRD patterns
of the three reduced catalysts are shown in Figure - 3 and the results
suggest that the metallic Ni crystallites exist in FCC structure with
the following planes: 44.5°, 53.0° and 78.3°. It is well reported in
the literature ''® 23! that the preservation of the mesoporous
structure of silica by doping of various metals, even with higher
amounts. The present results are in good agreement with the earlier
reports. The broad peak noticed in both calcined and reduced
catalysts at a 20 value of ~ 22° corresponds to amorphous silica *2.

N, adsorption-desorption isotherms of the catalysts are
shown in Figure - 4. The results (Figure - 4) indicate a type IV
isotherm with H1 hysteresis loop, which is a characteristic of
mesoporous material with uniform porosity defined by IUPAC. A
sharp inflection in P/P, range from 0.5 to 0.8 is found in the
isotherms of all three mesoporous silica supports as well as Ni
incorporated mesoporous silica catalysts providing further evidence
of maintaining their mesoporous nature even after incorporation of
Ni *****. The pore size distribution pattern is shown in Figure - 5.
The uni-model pore distribution in a diameter range of 5-10 nm is
observed in K-6 sample while in case of NK6 a bi-model pore
distribution is observed after the incorporation of Ni. This could be
possible whenever the Ni is present in the inside of the pores. In
addition, we found the decrease in pore volume in NK6 catalyst
which also suggests the presence of Ni particles in the pores.
Similarly, a broad range of (4-8 nm) pore diameter is observed in
C12 and NC12. Furthermore, the consistency in pore volume in case
of C12 and NC12 implies the presence of metal particles on the
surface of C12 support. Accumulation of pores in the pore diameter
range of 4 — 5 nm in S16 and NS16 catalysts clearly indicates the
presence of uniform mesoporous structure. By the incorporation of
nickel, an apparent decrease in surface area and an enlargement in
pore diameter was observed in NS16 catalyst. This enlargement in
pore diameter can be explained by the incorporation of nickel into
silica framework, which leads to the considerable contraction of
walls. As a result, an enlargement in pore diameter were observed
36 Likewise, we also observed the lower pore wall thickness of
NS16 than the S16.

This journal is © The Royal Society of Chemistry [year]
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Table-1. Physico-chemical properties of mesoporous silicas and Ni
incorporated mesoporous silicas. * obtained from the (100) plane in
the low angle XRD patterns, ®a, = 2d00 V3, Sger = BET surface
area, D, = BJH pore size

—=—K6 . .
—e—C12 -N—p--—

oy S16 /.

S |[—v—Nke / /

) NC12 S
—<4—NS16 -

A wl-

7 ,.-I‘l"’.’-.-‘-‘. ago-s-000—
,-" _e—%%

? ._._.....-0-0-0"' S
o V-VgIv¥V-Y

— v,V‘

§ Vov-v-Y-Y Y

v'v-v—v—v-v—v“v-"""

A et
h pOOOOSSEEE LT

0.6 0.8
Relative Pressure (P/P )

1.0

Figure - 4. N, adsorption-desorption isotherms of mesoporous
silicas and Ni incorporated mesoporous silicas.

Decrease in BET surface area was observed upon the
impregnation of Ni (Table-1) onto the respective supports which
reveal that most of the active component is accumulated either
inside the pores or blocked the pores. The preservation of the long -
range order of mesoporous silicas (K6, C12, and S16) upon
impregnation of Ni (30 wt %) is evident from pore size distribution
curves. These results are in line with the results of low angle XRD.
The pore size of K6 has been decreased by the incorporation of Ni,
which in turn reflected in an increase in the pore wall thickness. The
pore wall thickness of all these mesoporous materials are in the
range of 2 — 8 nm which is in good agreement with the previous
reports ** 3. It was reported that the deposition of Ni (10 wt %) on
SBA-15 support by liquid phase reductive deposition did not alter
the mesoporous structure of SBA-15 '2. An analogous scrutiny was
made in the case of Ru/SBA-15 catalysts '. Intactness of SBA-15
structure was reported in Ni/SBA-15 catalysts **.
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Figure - 6. TPR profiles of Ni incorporated mesoporous silicas.

In order to investigate the metal support interactions, location of the
35 metal particles (inside the pores or on the surface) and reduction
behavior of the catalyst, temperature programmed reduction (TPR)
is performed and the results are depicted in Figure - 6. The catalysts
NK6 and NS16 show two predominant reduction maxima, one at
low temperature, and the other at high temperature. Whereas NC12
40 show only single reduction peak lower temperature. The lower
temperature peak observed at around 420 °C can be attributed to the
reduction of bulk NiO *7*) whereas the high temperature peak
noticed at around 650 °C can be ascribed to the reduction of smaller
NiO particles located within the pores *" *2. Furthermore, the
4s hydrogen consumption was calculated by integration of the area
under the TPR peaks. The hydrogen consumption values at lower
temperature were 227 and 345 pmoles/g for NK6 and NS16, while
the hydrogen consumption at higher temperature were 74 and 126
umoles/g for NK6 and NS16 respectively. On the other hand, 612
so umoles/g hydrogen is consumed by NC12. Wu et al., reported that
the NiO particles located inside the pores have strong interaction
with MCM-41 than the bulk NiO particles and found to be reduced
at higher temperatures *'. In addition, they also explained the
discrepancy in location of NiO particles, through the preparation of
ss two types of Ni/MCM-41 catalysts, one with NiO particles located
inside the pores and the other with NiO particles located outside the
pores and confirmed by the temperature difference in their TPR
profiles **. The TPR results in the present case, clearly demonstrates
the presence of NiO particles in both inside and outside the pore
¢ network particularly in the 3-dimentional pore network catalysts;
whereas the NiO particles are only appeared on the surface or
outside of the pore network in 2-dimentional pore network
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catalysts. The present results are in good agreement with the results
of Wu et al *" **. Besides, Hodgkins et al found maghemite
nanocrystals inside the mesopores even they used impregnation
method as a synthesis procedure **. So, one can understand that the
impregnation method itself can enable to provide the particles in the
inside of the pores when porous materials used as a support.
Furthermore, it is well known that there is a high possibility to
diffuse the smaller metal particles through the 3D architectures
rather than the 2D architectures. In fact, one can understand from
10 the dispersion and particle size (as evidenced from the H,
chemisorption), that the average particle size found in the NK6 and
NS16 is lower compared to NC12 catalyst. The presence of Ni
particles in the inside of the pores in 3D architectures and surface or
outside of the pores in 2D architectures could be presumably due to
15 the variation in the particle sizes (i.e., lower than the size of the
pore) and outside particles (i.e., higher than the size of the pore)
although the composition is same in all the catalysts.

o

Catalyst Acidity Nm AMSA AMSA Average D (%)
(pmoles/g) (nmoles/g) (m%/g catalyst)  (m?/g Ni) particle size
(nm)
100 nm
NK6 88.4 368.97 28.86 96.21 7.00 14.44
NC12 61.2 293.55 22.96 76.54 8.80 11.49
NS16 73.8 313.19 24.50 81.67 8.25 12.25

Table-2. No. of surface Ni species, dispersion, active metal surface
20 area and average particle size of Ni incorporated mesoporous silica
catalysts.

H, pulse chemisorption has been performed to assess the
Ni dispersion, active metal surface area, average particle size, and
»s the number of surface active species presented in the catalysts. The
hydrogen uptake (Nm), active metal surface area (AMSA),
dispersion (D) and average particle size were calculated by using
TPRWin software and tabulated in Table-2. Higher Ni dispersion
was observed for NK6 (14.44) than that of NS16 (12.25) and
30 NiC12 (11.49). The average particle size of Ni in NK6 is 7 nm and
NS16 is 8.25 nm are smaller than that in NC12 (8.80 nm). The high
dispersion of Ni is noticed in the NK6 and NS16 catalysts are due to
the presence smaller size Ni nanoparticles found in those catalysts
compared to NCI12 catalyst. These results also suggests that the
35 AMSA is found to be very high in NK6 catalysts and are in the
following order: NK6>NS16>NC12.

Figure - 7. TEM images of mesoporous silicas supported Ni
40 catalysts a) NK6 b) NC12 c) NS16.

Figure - 7 shows TEM images of mesoporous silicas
supported with 30 wt% Ni . The Figure-7a (NK6) and Figure-7c
(NS16) shows that the Ni particles are present on the surface as well

ss as in the inside the pore network while NC12 catalyst exhibited that
the Ni particles are in uniformly dispersed on the outside the pore
network. Such a homogeneous dispersion of active species in the
catalysts are highly advantageous to obtain optimal catalytic
activity in various applications *. The magnified figures clearly

so shows the cubic (NK6 and NS16) and hexagonal (NCI12)
morphologies of the catalysts which indicate the retention of the
porous structure even after incorporation of high amount of Ni (30
wt %) (See supplementary information Figure-S6). Similarly, the
morphology of C12 and NCI2 remains same even after

ss incorporation of Ni (See supplementary information Figure-S2).

Activity measurements
To completely verify the reaction pathway (Scheme-1),
the role of acid sites (See supplementary information Figure-S3 and
o Figure-S4), as well as metallic sites, have been studied previously '*
204 1t is noteworthy to mention that the reaction proceeds via Path
I with the presence of both acid and metallic functions '°, while the
presence of metallic sites predominantly proceeds through Path II %°.
In both the paths, the ultimate products are GVL and/or valeric acid.
6s The formation of GVL is inevitable in Path II due to easy

This journal is © The Royal Society of Chemistry [year]
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esterification of intermediate (4-hydroxy valeric acid) 2 * %,

Interestingly in the present case, we found the appearance of 2-
methyl tetrahydrofuran over NK6 and NS16 catalysts; such kind of
formation is conceivable due to the presence of smaller Ni

s nanoparticles within the 3-dimensional pores of K6 and S16 whose
presence is clearly seen in TPR and TEM.

oH| g0
HO\n/\)\
o) Acid sites o
%@% Path IT
e@\\c
[PRE
HOM
o) %

Acid sites Metallic Sites

Acid sites

Path I
10 Scheme-1: Plausible reaction pathways for the levulinic acid
hydrogenation.
The screening of Ni-based catalysts on different supports
i.e. K6, C12, and S16 for the hydrocyclization of biomass-derived
levulinic acid reveals that the C12 support is found to be the best
15 support for the production of y-valerolactone. The catalytic activity
results suggested that the NC12 catalyst is the best among the others
with the GVL yield of 98 % (Figure — 8). The remarkable activity
of the NC12 catalyst is attributed to the Ni nanoparticles present on
the cylindrical pores of the support. The deeper hydrogenated
20 product 2-MTHF is not observed over this catalyst. While the
presence of an interconnected network of pores with some of the Ni
particles within the pores (as evidenced from TPR and TEM) in
both NK6 and NS16 contributes to the deep hydrogenation. Though
the conversion is same (100%) over all the three catalysts, the
25 product distribution is different which depends on the pore network
of the support and smaller size of Ni nanoparticles. The formation
of pentanoic acid and 2-methyl tetrahydrofuran are observed
(Scheme-2) over NK6 and NS16 catalysts due to the presence of
smaller Ni particles within the interconnected network(Figure-8).
30 Plausible reaction mechanism for the formation of deeper
hydrogenated products over NK6 and NS16 are shown in scheme 2.

</&H° /<j

O
Scheme-2: Plausible reaction schemes for the hydrogenation of
levulinic acid over Ni incorporated 3D mesoporous silica catalysts.

OH +H2

35
Wu et al., reported that the Ni particles confined within
the MCM-41 exhibited better biomass gasification activity than
those present on the surface of MCM-41*. This could be due to the
easy passage of reactant molecules through the 3-dimensional
40 porous network, thus maintaining longer residence time with Ni
nanoparticles within the pores which favor the deep hydrogenation.
A similar performance has been reported in an oxidation reaction
over K6 and S16 supported Pd catalysts than SiO, and SBA-15
supported Pd catalysts '® . These results suggest that the smaller Ni
ss particles trapped within the pores of support promotes the deeper
hydrogenation. Similar phenomenon can be predicted in the present
case where we found the deeper hydrogenated products over NK6

and NS16 catalysts due to presence of the smaller Ni nanoparticles
inside the pores which might promote the deep hydrogenation of
so levulinic acid. Furthermore, the Ni particles present in metallic form
are evidenced from the XPS (See supplementary information
Figure-S5) which prevails the hydrogenation of the levulinic acid.
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100- -
g é
= 80+ 9‘
: z
= g
>~ 60 / i
2 2 7
= g /
g 40 g g
7z Z 7
E 20 é g
S 7 2

NC12

Catalysts

ss Figure - 8. Variation in the conversion and yield against various
mesoporous silica supported Ni catalysts. Reaction Conditions:
Weight of the catalyst=1 g, Temperature=250 °C, Pressure=1 atm,
Levulinic acid = 1 ml h”', carrier gas (H,) = 1800 ml h”! Hy/LA
molar ratio = 8.
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Figure - 9. Influence of time on stream over Ni based catalysts at
250°C, WHSV=1and H,/LA= 8 (A) Conversion of LA (B) Yield of
GVL. Reaction Conditions: Weight of the catalyst=1 g,
Temperature=250 °C, Pressure=1 atm, Levulinic acid = 1 ml hl,

s carrier gas (H,) = 1800 ml h™! - H,/LA molar ratio = 8. 3 160 ]
To verify the stability of the catalytic systems, LA i’ 150 ]
hydrogenation has been carried out for longer hours around 40 h. B 140 ]
The catalytic performance of NK6, NC12, NS16, and Ni/SiO, S 130 ]
(amorphous silica supported catalyst) catalysts during the time on % 120 ]
10 stream have been shown in Figure-9. The results suggest that the & 110 ]
there is a decrease in conversion of levulinic acid beyond 30 h of the £ 100 ]
reaction time over Ni/SiO, and NC12 catalysts. The decrease in @ 00
conversion might be due to the aggregation of Ni particles during -
the course of the reaction which is evidenced from the H, pulse S
15 chemisorption of spent catalysts (Table-3) where we found the low g 12 4
dispersion and larger Ni particles. . Furthermore, the drastic g
decrease in the yield of 2-methyltetrahyrofuran is observed over 3 10 |
NK6 and NS16 (3D - architectures) catalysts during the time on o
stream after 10 h which in turn imply the confinement of Ni §
20 particles and possibly responsible for the deep hydrogenation of £ 8 -
levulinic acid. »n
Catalyst Nm AMSA AMSA  Average D 00035
(umoles/  (m%/g (m%/g particle (%) < 00030
g) catalyst) Ni) size (nm) g 1
NK6U 14576 11.40 38.01 17.74 5.70 L 0
NC12U 128.22 10.03 33.43 20.16 5.02 2 o002 ]
NS16U 185.62 14.52 48.40 13.93 7.26 (59' 0.0015 |
Ni/SiO,U  98.06 7.67 25.57 26.36 3.84 ]
0.0010
NK6é NC12 NS16
Table-3. No. of surface Ni species, dispersion, metal area and Catalysts

particle size of spent Ni catalysts.
25
It is well known that the formic acid and water both are
the major unavoidable impurities in the processing of levulinic acid
from the cellulosic biomass. In order to know the stability of the
catalyst in the realistic condition we intentionally added the
30 stoichiometric amount of formic acid and water to levulinic acid and
carried out the reaction in optimized conditions. The reaction is
carried out at optimized conditions (250 °C and 1 atm) by taking 1:1
molar ratio of levulinic acid and formic acid, in this condition
formic acid, can be used as H, source. Where we found 55, 21 and
35 33% of LA conversions over NK6, NC12 and NS16 respectively
while the yields towards the gamma valerolactone are 28, 9 and 14.
Furthermore, the reaction is carried out at optimized conditions (250
°C and 1 atm) by taking levulinic acid and water (1:1 molar ratio)
along with external H,. In which we found 100, 97 and 70% of LA
40 conversions over NK6, NC12 and NS16 respectively while the
yields towards the gamma valerolactone are 71, 93 and 54% These
results suggests that the present catalytic systems are found to
efficient in the realistic conditions.

45

Figure - 10. TOF, Surface coverage and surface density of

mesoporous silica supported Ni catalysts.

TOF of GVL = No. of moles of LA pumped per second x
so Fractional Yield of GVL / No. of surface Ni sites,

Surface coverage (%) = AMSA (mz/g) x 10%/ Sgpr (mz/g),

Surface density (%) = No. of surface Ni x 10% / Spr (mz/g).

TOF, surface coverage (%) and surface density (%) are

ss plotted against the mesoporous silica supported Ni catalysts and
displayed in Figure-10. Since the number of surface Ni atoms are
used to obtain surface density and AMSA which in turn is used to
get surface coverage. Both surface density and surface coverage are
proportional to each other. Even though, no. of surface Ni atoms
e and AMSA are proportional to Ni dispersion. Surface coverage and
density need not be in proportion to Ni dispersion. This is because
of variation in the BET surface area. Since catalysis is a surface
phenomenon. It is more appropriate to arrive a correlation between
activity and surface coverage and surface density. It can be seen
6s from the Figure-10 that the surface coverage (%) and surface
density (%) of NC12 is greater than that of NK6 and NS16. The
higher surface coverage (%) and surface density (%) of NCI12
clearly indicates the presence of Ni particles located outside the
pores of support (C12) while the lower surface coverage (%) and
70 surface density (%) indicates the location of Ni particles either
outside as well as inside the pore network in NK6 and NS16
catalysts. The contribution of the surface coverage and surface
density (%) are higher in NC12 than those on NK6 and NS16. The
drastic decrease in surface area over NK6 (Table-1) due to the
75 presence of Ni inside the pores. As aforementioned from the TPR
(Figure-6) that the location of particles are either outside or inside
the pores in case of NK6 and NS16, however in case of NC12, Ni

This journal is © The Royal Society of Chemistry [year]
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particles are only on the outside the pores. The presence of Ni

particles inside the pores has small in size than the outside the pores.

The smaller particles behave differently than the bigger particles. As

a result, the deep hydrogenation levulinic acid is observed in the
s case of NK6 and NS16.

Additionally, to gain an insight into the confinement
effect, the hydrogenation of y-valerolactone has been carried out
over mesoporous silicas supported Ni catalysts. The results (Figure-
11) indicate that the presence of smaller Ni particles within the

10 pores of NK6 and NS16 yield higher conversion of y-valerolactone
(37% and 42% respectively) than that of NC12 in which Ni particles
are present outside the pores (25% conversion over NC12). The
formation of 2-methyl tetrahydrofuran over NK6 and NS16 is due to
the confinement of Ni particles within the pores. Thus, the 3D

15 architecture of support determines the product selectivity.

Il GVL conversion [l Valeric acid Yield [l 2-MTHF yield]

B
o
L

Conversion & Yield (%)

o
Il

NK6

NC12

GVL Hydrogenation

Figure- 11. GVL hydrogenation over mesoporous silicas supported
Ni catalysts.
The term, turn over frequency (TOF) is defined as the
20 activity per site per sec. The TOF values can be obtained on the
basis of LA conversion or GVL formation. Figure-10 indicates that
the TOF values towards GVL formation are in line with the surface
coverage and surface density. It is more appropriate to compare the
TOF values under kinetically relevant conditions. For this purpose,
»s LA hydrogenation experiments have been carried out at higher
space velocity. By using the flow rate of levulinic acid at 10 ml h™'
and the flow of H, at 3600 ml min™' over 1 g catalyst. The results
were compiled in Table-4. From Table-4, it is noticed that the TOF
of LA and GVL for NC12 catalyst is higher than that of NK6 and
30 NS16. The higher TOF of NC12 could imply robustness of the
catalytic system for the levulinic acid hydrocyclization.

Catalysts TOF of LA TOF of GVL
10 Sec™) (10 Sec™h)
NK6 12.434 7.22
NC12 20.688 11.71
NS16 10.64 5.35

Table-4. TOF of all catalysts at higher flow rate.
35
The productivity of NCI12 catalyst is calculated as
described in our previous publication '’. The productivity of this
catalyst for the levulinic acid hydrogenation to GVL is greater than
the previously reported results and follows the trend as follows
20 NC12 (0.9580) > Ni/HZSM-5 (0.9090) ° > Ni/SiO, (0.8506)* >
Ni/ALO; (0.81055) % > Ni/MgO (0.80079) .

Conclusions:

Nickel supported on mesoporous silicas (viz, K6, C12 and
45 S16  supports) were successfully synthesized via simple
impregnation method. The conservation of a pore orderness of 2D
hexagonal for C12 and the 3D cubic structures for both K6 and S16
has been observed by N, physisorption, XRD, and TEM images.
TPR and TEM results showed that relatively small size nickel
so nanoparticles were mainly present on the interconnected mesopores
in case of K6 and S16 in addition to these particles; some of the
particles were presented on the surface. Whereas in the case of C12,
most of the particles were presented on the outside of the pores or
on the surface. Although the conversion is same for all catalysts the
ss product distribution is different due to the presence of small Ni
nanoparticles inside the mesopores, particularly in the case of
interconnected mesopore networks pertaining to enhanced Ni
dispersion on NK6 and NS16. Besides, the higher activity towards
GVL, NCI2 catalyst is consistent during the time on stream
0 operation up to 30 h. A slight decrease in LA conversion was
observed beyond 30 h due to agglomeration of Ni particles as
evidenced from the H, pulse chemisorption of spent catalyst. A
drastic decrease in LA conversion was observed over NK6 and
NS16 catalysts after 10 h which might be attributed to the
os aggregation of Ni particles which are present in the inside the pores.
These results suggested that the smaller particles agglomerate at a
faster rate (NK6 and NS16) than bigger particles (NC12).
Additionally, the smaller Ni particles facilitate deep hydrogenation.
All these catalysts showed remarkable activity even in the presence
70 of impurities such as formic acid and water. The present results
reveal that Ni incorporated mesoporous silica catalysts are robust
and are useful in the biorefinery concept. Still there is a need for the
development of efficient catalysts for the direct production of 2-
methyl tetrahydrofuran from levulinic acid. The further efforts are
75 being in progress and will result in future works.
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