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ABSTRACT: Furfural (FFR) was selectively hydrogenated in
a single pot to tetrahydrofurfuryl alcohol (THFAL) over a Si—
MFI molecular sieve supported Pd catalyst. Studies on catalyst
screening revealed that both the metal function and the
support were critical for directing the selectivity to the ring-
hydrogenated product, THFAL. The structural feature of MFI
as shown by XRD was completely retained in the used sample
of the 3% Pd/MFI catalyst confirming its stability under
reaction conditions. XRD, along with SEM characterization of
the used samples, established retention of morphology of the
structured silicate, suggesting a strong interaction between

hexagonal porous silicate and Pd particles. The complete conversion of FFR with an enhanced selectivity of 95% to THFAL
could be achieved by recycling the crude of the first hydrogenation experiment over the same 3% Pd/MFI catalyst.
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B INTRODUCTION

In the era of continued depletion of fossil resources, extensive
research is focused on catalytic conversion of biomass as it forms
a basis for sustainable production of energy and chemicals.' ™
However, biomass-derived molecules contain high oxygen
content; hence, novel catalysts for efficient protocols are being
investigated for selectively tailoring their oxygen content to
achieve the desired product mix.* "¢ In this context, furfural
(FFR) is a highly attractive molecule derived from defunction-
alization of the most abundantly available lignocellulose for the
production of fuels and chemical intermediates.” '® FFR is
mainly produced by acid hydrolysis of pentose sugars CS (xylose,
arbinose) followed by a loss of three water molecules.'' ™** It is a
versatile carbohydrate-derived starting material for mainly aldol
condensation and hydrogenation.'®'” The catalytic hydro-
genation of either side-chain carbonyl or ring or both gives a
variety of useful products such as furfuryl alcohol (FAL),
tetrahydrofurfuryl alcohol (THFAL), 2-meth271furan (2-MF),
and 2-methyl tetrahydrofuran (2-MTHF)."*™** One of these
products, THFAL, is an environmentally acceptable “green”
industrial solvent due to its biodegradable nature.”**> A variety
of catalysts including both noble and non-noble metals have been
reported for selective vapor as well as liquid phase hydrogenation
of FFR. Noble metal catalyst systems reported for vapor phase
hydrogenation of FFR under severe temperature and pressure
conditions (200—300 °C and 100 bar H,) yield not only the
desired products but also a variety of byproducts including furan,
tetrahydrofuran, and even ring-opening products, such as
pentanol and pentanediols.”*™>* On the other hand, non-noble
catalyst systems, mainly copper chromite, was most often
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employed in industry for the selective production of FAL from
FFR in liquid as well as vapor-phase hydrogenation; however, it
poses a serious drawback due to the highly toxic nature of Cr.*”*°

Although conventionally THFAL is produced by a two-step
catalytic hydrogenation of furfural (FFR) via furfuryl alcohol
over Cu—Cr and noble metal catalysts separately,®" direct
conversion of FFR to THFAL also has been attempted recently.
Sitthisa et al. reported Cu, Pd, and Ni supported on silica, among
which only 5% Ni/SiO, was found to give THFAL directly at 230
°C with 5% selectivity.”> Enhanced selectivity of 26% to THFAL
could be achieved using a homogeneous Ru(1l) bis(diimine)
catalyst,®® while bimetallic transition metal catalysts showed only
4% selectivity to THFAL.>* Higher THFAL selectivity of 38%
was possible over a Raney nickel catalyst at a partial furfural
conversion of 50%.% Recently, Tomoshige et al. proposed the
total hydrogenation of FFR to THFAL in two steps, first step
involving FFR conversion to FAL and then in the second step,
FAL to THFAL, with 94% yield of THFAL.* In all these studies,
optimum THFAL selectivity was either possible in a two-step
strategy or at partial FFR conversion. There has been hardly any
reports on direct conversion of FFR giving appreciable selectivity
to THFAL, which could be only possible by structural
modification of the catalyst and or the support.

Zeolite, microporous crystalline aluminosilicate, has attracted
extensive interest, owing to its uniform micropore size

distribution, high thermal and hydrothermal stability, flexible
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framework to tune the surface properties, and high internal
surface area. MFI-type zeolite, ZSM-5, is a medium-pore high-
silica zeolite with cavities and channels of molecular dimension
from 5 to 6 A. The MFI structure is nonisotropic with sinusoidal
pores (diameter ca. 5.5 A) running in the a-direction and slightly
wider straight pores running in the f$-direction, and connections
between the two pore systems create a three-dimensional
network of the pores. Because of the structural architecture, a
very high metal dispersion (atomic dispersion) and therefore a
very high reaction rate can be achieved for the catalysts
containing Pd in the cavities of the MFI framework. Such
systems have been studied for important reactions like NO
reduction with methane, palladium acetate immobilized in a
hierarchical MFI zeolite-suspported ionic liquid for the Suzuki
reaction in water, etc.’*">* In view of the moderate catalytic
performance of Pd/ZSM-S and lack of literature on hydro-
genation of furfural over Pd/MF], the research work with relation
to investigations on the feasibility of furfural hydrogenation over
Pd loaded on all silica MFI-type molecular sieves (Pd/MFI) was
undertaken.

Here, we report for the first time, a 3% Pd/MFI catalyst in
which MFI was structurally modified by Pd incorporation that
resulted in almost complete conversion of FFR (a model
compound) with 67—95% selectivity to THFAL in the direct
hydrogenation of furfural. The parameter optimization study
showed that increased selectivity to THFAL by two times could
be achieved with an increase in H, pressure and temperature.
Reusability of the catalyst was also studied up to five times to
confirm the stability of the catalyst under reaction conditions.

B EXPERIMENTAL SECTION

Materials. The reagents used for preparation of MFI are tetraethyl
ortho silicate (TEOS, 98%, Aldrich), tetra propyl ammonium hydroxide
(TPAOH, aq. 20% soln., V. P. Chemical, Pune), furfural (Aldrich), HCI
(Thomas Baker), IPA (Thomas Baker), PACl, (Aldrich), and distilled
water.

Catalyst Preparation. The all silica MFI-type molecular sieve Si—
MFI was prepared by following a similar dry gel conversion method
described elsewhere® using dry gel having a composition of $i0,:0.23
(TPA),O.

Supported Pd/MFI catalyst was prepared by the impregnation
method. For the preparation of 3% Pd/MFI catalyst, 0.159 g of PdCl,
was dissolved in a minimum amount of dilute hydrochloric acid ensuring
the complete dissolution of the precursor. Agitation was done with a
magnetic stirring bar. Under stirring, 2 g of slurry of MFI support
prepared in water was added to the above solution, and the temperature
was maintained at 353 K. After 1 h, 10 molar sodium hydroxide solution
was added under stirring to make pH 7—8, and it was stirred for 30 min.
After 30 min, 3 mL of formaldehyde was added as a reducing agent
under stirring. The solution was cooled and filtered and washed with
distilled water to make it CI™ free, and the solid catalyst obtained was
dried at room temperature under vacuum. All other catalysts were
prepared using the above method.

Catalyst Characterization. Both BET surface area of all the
catalysts and metal dispersion of Pd/MFI and 3% Pd/SiO, catalysts
were measured using Micromeritics Chemisorb 2720 instrument, by the
nitrogen adsorption/desorption (77 K) and chemisorption of 5% H, in
Ar, respectively. The crystallinity and phase purity of Si—MFI samples
were analyzed by powder X-ray diffraction (XRD) patterns using a X-ray
diffractometer (Rigaku Miniflex, Japan) with Cu Ka radiation. The N,
adsorption isotherms were analyzed in a conventional manner, and the
pore size distribution was calculated using the DFT method on a
Quantachrome QuadraWi version 5.02 instrument. Morphology of MFI
and Pd supported on MFI catalysts were examined by scanning electron
microscopy (SEM), and the presence of Pd loading was confirmed by
EDX analysis on a LEO—LEICA STEREOSCAN 440 instrument.
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Particle size and morphology were studied using transmission electron
microscope (HR-TEM), model JEOL 1200 EX. A small amount of the
solid sample was sonicated in 2-propanol for 1 min. A drop of prepared
suspension was deposited on a Cu grid coated with a carbon layer, and
the grid was then dried at room temperature before analysis. After
carrying out the leaching experiment, the supernatant liquid was
evaporated and the resulting product concentrate was treated with aqua
regia (HNO;:HCI = 1:3) at 60 °C on a sand bath for 2 h and then made
up to 25 mL with distilled water. This sample was then analyzed by an
ICP-OES instrument.

Catalyst Activity. Hydrogenation of furfural reactions were carried
out in a 300 mL capacity autoclave (Parr Instruments Co., U.S.A.) at an
agitation speed of 1000 rpm. The typical hydrogenation conditions were
temperature, 493 K; furfural concentration, S wt %; solvent, 95 mL;
catalyst loading, 0.5 g; and hydrogen pressure, 3—4 MPa. Liquid samples
were withdrawn from time to time. Samples taken during the reaction
were analyzed with a Trace GC 700 series GC System (Thermo
Scientific) coupled with a FID detector and capillary column (HP-S
capillary column, 30 m length X 0.32 mm id). The following
temperature program method was used for GC analysis: 40 °C (3
min), 1 °C/min, 45 °C (1 min), 10 °C/min, 60 (0 min), 20 °C/min, and
250 (1 min). Performance of 3% Pd/MFI catalyst was evaluated in terms
of (%) conversion of FFR and (%) product selectivity that are defined
below.

amount of furfural molecules recovered

(%) Conversion = 1 — X 100
amount of furfural molecules introduced
(1)
o amount of each product
(%) Selectivity = 100
sum of amount of products )

(%) Recovery

sum of amount of product molecules and unreacted furfural molecules

amount of furfural molecules introduced

®)

X 100

B RESULTS AND DISCUSSION

Catalyst Characterization. Among all the catalysts screened
for hydrogenation of furfural, Pd on structured silica (MFI)
showed the highest conversion and selectivity to the ring-
hydrogenated product THFAL; hence, a detailed character-
ization of this catalyst is discussed below.

Table 1 shows the BET surface area of all the samples screened
in this work. The designate showed the highest surface area of

Table 1. BET Surface Area for Various Supported Catalysts

sample no. catalysts BET surface area (m?/g)
1 MEFI 312
2 3% Pd/MFI 281
3 3% Ru/MFIL 212
4 3% Pd—3% Ru/MFI 271
S 3% Pd—20% Cu/MFI 32

312 m?/g, while the surface area decreased with loading of
various metals (Pd, Ru, and Cu). The lowest surface area of 32
m?/ g was observed for a combination of Pd—Cu in which the Cu
loading was as high as 20%. In the case of 3% Pd loading on MFI,
the surface area marginally decreased from 312 to 281m?/ g due
to the dispersion of palladium over the MFI support. Table 2
shows the metal dispersion of catalysts with varied Pd loadings
on MFI and also that of 3% Pd/SiO, along with their respective
TOF and TON values. The 3% Pd/MFI showed the highest
TON and TOF compared to those of 1%, 5% Pd/MFI and 3%
Pd/SiO,. The structured silicalite (MFI) showed marginally
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Table 2. Metal Dispersion of Pd Metal Over MFI Support

entry catalyst metal dispersion (%) TON TOF (h7!)
1 1% Pd/MFI 18 9158 183.0
2 3% Pd/MFI 28 1192 2384
3 5% Pd/MFI 32 1122 2244
4 3% Pd/SiO, 25 1090 218

higher metal dispersion (28%) than that of fumed silica (25%).
Powder X-ray diffraction patterns of MFJ, fresh 3% Pd/MFI, and
used 3% Pd/MFI catalysts are shown in Figure 1, which exhibit

101

020 =
00

Pd/MFI Used

AMiadin

Pd/MFI Fresh

MFI

80
20

Figure 1. XRD pattern for (A) MFL, (B) 3% Pd/MFI fresh, and (C) 3%
Pd/MFI used.

peaks at 26 = 8.01°, 8.80°, 8.90°, 23.01°, 23.84°, and 24.07°
corresponding to the crystalline MFI structure and orthorhom-
bic symmetry.*® The characteristic XRD peaks for Pd at 26 = 38°
and 46° could not be identified well as these were found to
overlap with those of MFI at the same 26 values. As seen from
XRD of the used sample, the structure of MFI remained
unchanged even after exposure of the sample to reaction
conditions. This was also in good agreement with the HRTEM
results discussed later.

The N, adsorption isotherm of structured MFI showed a type-
I adsorption isotherm, which was confirmed by the increase in
the uptake of nitrogen with characteristic hysteresis (Figure 2a)
loops extending from P/Po = 0.2—1. In a detailed study, the
nature of the pores was elucidated by adsorption isotherms
having a slight phase transition from orthorhombic to monoclinic
or a mixture of these two phases. In accordance with the
microporosity, the larger pore volume of 0.181 mL/g was
observed for MFI (Figure 2b). While a decrease in pore volume
to 0.17 mL/g was observed for 3% Pd/MFI (Figure 3a) due to
the dispersion of palladium metal particles over MFL*"**

The SEM-EDAX of MFI and Pd/MFI are shown in Figures 4
and 5. A typical intergrown disc-shaped morphology with a
hexagonal orientation of MFI having a 0.5—1 um size was
observed. A similar pattern was observed even after loading the
Pd metal on MFIL. EDAX results confirmed the presence of Pd
particles in the structured silicalite with approximately the same
loading as taken for the preparation.

HR-TEM results of fresh 3% Pd/MFI and used 3% Pd/MFI
are shown in Figure 6. These revealed that the particle size of
both the samples was found to be in the range of 150—200 nm,
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Figure 2. (a) Nitrogen adsorption—desorption isotherm of MFL (b)
Pore size distribution of MFL

and the silicalite crystals resemble a round disc-shaped
morphology in a side view, and planar crystals have a hexagonal
shape with a flip structure of MFI matching an orthorhombic
symmetry of zeolite phase corresponding with XRD results.
While in the case of the 3% Pd/MFI sample, Pd metal particles
were seen to be homogeneously dispersed on a silicate sheet of
MFL As shown from the XRD and SEM results even after
exposure to the reaction conditions, the morphology of the
structured silicate was intact, suggesting a strong interaction
between the hexagonal porous silicate and Pd particles.*?
Activity Studies. Several supported metal catalysts were
screened for the hydrogenation of furfural, and their activity
results are shown in Table 3. On the basis of the dispersion
values, TON and TOF calculated for 3% Pd/MFI were also
found to be as high as 1192 and 238 h™/, respectively, among all
the catalysts (Table 2). As shown in this table, 3% Pd/MFI
showed the highest selectivity of 67% to THFAL with 93%
conversion of FFR. The unique structural feature of Pd/MFI
contributing to the higher selectivity to THFAL was distinctly
obvious when the 3% Pd/SiO, catalyst showed substantially
lower conversion of 76% with a major product as FAL (50%) and
only 31% selectivity to THFAL along with 19% of byproduct
formation (Table 3, entry 2). Figure 7 shows the % conversion of
FFR and % selectivity of FAL and THFAL as a function of
reaction time over 3% Pd/MFI. It was observed that both FAL
and THFAL were formed in the beginning of the reaction,
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Figure 3. (a) Nitrogen adsorption—desorption isotherm of 3% Pd/MFL
(b) Pore size distribution of 3%Pd/MFI.

although % selectivity of FAL was higher than that of THFAL. As
the reaction proceeded beyond 1 h, selectivity to FAL started
depleting, while that of THFAL was increasing, which indicates
the consecutive hydrogenation of FFR to FAL and then to
THFAL. Figure 7 also shows that 3% Pd/MFI gave a conversion
of 38% with 46% selectivity to THFAL in 1 h while, 3% Pd/SiO,
catalyst gave only a 19% conversion with 20% selectivity to
THFAL in 1 h (Figure 8), which confirms the efficient role of the
MFI support in enhancing the activity and THFAL selectivity.
Because MFI as a support showed optimal activity and THFAL
selectivity, it was further modified to impart Lewis acidity by
incorporating Sn** in a MFI framework. However, such a surface
modification adversely affected both activity and THFAL
selectivity of Pd/MFL Thus, only the textural property of MFI
was the contributing factor for the highest conversion and
THEFAL selectivity. Further catalyst optimization was attempted
by changing Pd to Ru as the latter is known to be effective for ring
hydrogenation.** Contrary to our expectation, 3% Ru/MFI gave
a major product as FAL (79% selectivity), while THFAL was a
minor (13% selectivity) product. Although, Ru in combination
with Pd resulted in complete FFR conversion, THFAL selectivity
enhanced to only 49% (Table 3, entry S) which was still lower
than monometallic 3% Pd/MFI (Table 3, entry 1). Another
bimetallic combination of Pd with a non-noble metal such as Cu
was also evaluated, which showed a very interesting result of
>90% selectivity to FAL and the remaining diacetal product
(Table 3, entry 6). The major activity was shown by Cu (20%
loading) for the first stage FFR hydrogenation.”> Both these
results demonstrate that only the monometallic 3% Pd/MFI
catalyst is efficient for single-step FFR hydrogenation to THFAL,
rather than any bimetallic combination. This aspect needs to be
further investigated through surface characterization in detail.
The complete conversion of FFR with an enhanced selectivity
0£95% to THFAL could be achieved by recycling the crude of the
first hydrogenation experiment over the same 3% Pd/MFI
(Table 3, entry 7) catalyst. Hence, a continuous hydrogenation
over a bed of a 3% Pd/MFI catalyst with an optimized feed flow
rate would result in a very high productivity of the process. The
reaction pathway to THFAL going through FAL intermediate

m

NCL - PUNE

ETD 20.00 kV 15.0 mm NCL - PUNE

Figure 4. SEM images for (A) 3% Pd/MFI fresh and (B) 3% Pd/MFI used.
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Figure S. EDAX of Pd/MFL

(Scheme 1) was confirmed by a control experiment in which FAL
was used as a substrate. As expected, almost complete selectivity
(>95%) to THFAL was achieved in this case (Table 3, entry 8).
The 3% Pd/MFI is the most active catalyst for direct
hydrogenation of FFR to THFAL because of the strong
interaction between the Pd metal and 7 electrons of the FFR
molecule resulting from rehybridization of sp to sp* of C on the
Pd surface.”

Optimization of Reaction Parameters. Figure 9 shows the
results of the effect of hydrogen pressure on hydrogenation of
furfural (FFR) at 493 K. FFR conversion increased marginally
from 70% to 93% as the pressure increased from 250 to 500 psi,
and it increased further to 97% as the pressure increased from
500 to 750 psi. However, THFAL selectivity increased
substantially from 35% to 67% at 500 psi H, pressure. Increase
in activity with an increase in hydrogen pressure was obviously
due to a greater concentration of surface hydrogen available on
the active catalyst site, which facilitates the FFR hydrogenation to
THEFAL.

Figure 10 shows the effect of reaction temperature on FFR
conversion and THFAL selectivity over the 3% Pd/MFI catalyst
at 500 psi H, pressure. Conversion of FFR increased from 72% to
93% with an increase in reaction temperature from 453 to 493 K.
The selectivity to THFAL also increased from 56% to 67%. The
effect of FFR concentration in the range of 5—20 wt % on
conversion and selectivity is shown in Figure 11. The conversion
of FFR dramatically decreased from 93% to 68% as the
concentration of FFR increased from 5% to 20 wt %. The
decrease in conversion of FFR was due to the limiting number of
catalyst active sites at a high FFR concentration. The decrease in
conversion at higher concentration (20%) of FFR was also
associated with an increase in selectivity to FAL up to 71% at the
cost of THFAL selectivity (27%). This also suggests a case of
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competitive adsorption of the substrate FFR and the
intermediate FAL on the active sites of the catalyst.*®

Figure 12 shows the effect of catalyst concentration on the
conversion and selectivity pattern in the range of 0.250—0.750 g
at 493 K and 500 psi H, pressure. The conversion of FFR
increased sharply from 65% to 98% as the catalyst concentration
increased by three folds from 0.250 to 0.750 g. The increase in
FFR conversion was due to a higher concentration of active sites
available for hydrogenation. The selectivity to THFAL also
increased marginally from 67% to 73% at higher catalyst
concentration.

Figure 13 shows the effect of Pd metal loading over a MFI
support. It was observed that when the Pd metal loading was
decreased to 1%, the conversion of FFR also decreased to 46%
with 78% selectivity to FAL and 22% selectivity to THFAL. The
decrease in selectivity was due to the lower Pd metal loading that
retarded further hydrogenation of FAL to THFAL. Increase in
Pd metal loading to 5% resulted in almost complete conversion
of FFR with 28% selectivity to FAL, 49% to THFAL, and 23%
selectivity to 1,2 pentanediol. It is very interesting to note that 1,2
pentanediol formation was due to further hydrogenation of
THEFAL at higher Pd loading.

Catalyst Recycle Study. The 3% Pd/MFI catalyst was
recycled for four times, and the results are shown in Figure 14.
The catalyst recycle study was carried out as follows. After the
first reaction, the reactor was allowed to cool, and the catalyst was
allowed to settle down. The supernatant liquid product was
removed, and the fresh substrate along with the solvent were
charged to the reactor for a subsequent reaction. The same
procedure was followed for four times for which almost the same
performance as that of the fresh catalyst was observed. The
stability of the catalyst was also confirmed by XRD, where the
structure of the catalyst was found to remain the same after the
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Figure 6. HR-TEM images for (A) MFL, (B) 3% Pd/MFI fresh, and (C) 3% Pd/MFI used. (D) SAD image.

Table 3. Catalyst Screening for Furfural Hydrogenation®

selectivity %

sample no. catalyst conversion % FAL
1 3% Pd/MFI 93 31
2 3% Pd/SiO, 76 50
3 3% Pd/SnMFI 72 49
4 3% Ru/MFI 100 79
S 3% Pd—3% Ru—MFI 98 29
6 3% Pd—20% Cu—MFI 100 91
7 3% Pd/MFI® 100 3
8 3% Pd/MFIL 84 SM

THFAL ME MTHF THF diacetal hemiacetal others
67 — - 2 - — -
31 - - - - - 19
30 1 - 2 3 9 6
13 2 - - 2 1 3
49 4 1 3 9 - s
—_ — —_ —_ 9 — —
95 - - 2 - — —
99 1 - - - - -

“Reaction conditions: substrate, 5% (W/W); solvent, isopropyl alcohol (95 mL); temperature, 493 K; pressure, SO0 psi; agitation speed, 1000 rpm;

catalyst (3% Pd/MFI), 0.5 g; and reaction time, S h. YReaction conditions:

1000 rpm; catalyst (3% Pd/MFI), 0.5 g; and reaction time, S h.

reaction crude; temperature, 493 K; pressure, 500 psi; agitation speed,

recycle experiments (Figure 1). There was slight decrease in the
conversion of FFR from 93% to 81% at the end of fourth reuse.
ICP-OES analysis of the reaction crude did not show the
presence of any Pd metal, ruling out the possibility of Pd metal
leaching under the reaction conditions, and the loss of activity
could be merely due to the physical loss of catalyst during
withdrawal of samples from time to time for analysis. In order to
confirm this further, a standard leaching test was also carried out
in which the hot reaction crude was filtered after partial furfural

conversion to remove the catalyst. The reaction was again
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continued with the filtrate devoid of catalyst, which did not show
any conversion (Figure 15).

B CONCLUSION

Among several monometallic as well as bimetallic Pd, Ru, and Cu
catalysts on various supports, 3% Pd/MFI showed the highest
conversion and THFAL selectivity in the range of 93—100% and
67—95%, respectively, for the direct hydrogenation of furfural in
a single reactor. Under optimized conditions, the intermediate
furfuryl alcohol formed to the extent that only ~30%, could be
completely converted to THFAL by recycling the reaction crude

dx.doi.org/10.1021/5c400302b | ACS Sustainable Chem. Eng. 2014, 2, 272—281
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MFL The initial mesoporous nature of structured MFI was
transformed to microporous after impregnation of Pd. The
particle size of fresh as well as used catalyst samples was in the
range of 150—200 nm as determined by HRTEM, and the
silicalite crystals of MFI were hexagonal in shape with a flip

Scheme 1. Hydrogenation of Furfural to Tetrahydrofurfuryl Alcohol
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Figure 11. Effect of substrate loading. Reaction conditions: solvent,
isopropyl alcohol (95 mL); temperature, 493 K; pressure, S00 psi;
agitation speed, 1000 rpm; catalyst (3% Pd/MFI), 0.5 g; and reaction
time, S h.
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Figure 12. Effect of catalyst loading. Reaction conditions: substrate, 5%
(W/W); solvent, isopropyl alcohol (95 mL); temperature, 493 K;
pressure, S00 psi; agitation speed, 1000 rpm; and reaction time, S h.
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Figure 13. Effect of Pd metal loading. Reaction conditions: substrate,
5% (W/W); solvent, isopropyl alcohol (95 mL); temperature, 493 K;
pressure, S00 psi; agitation speed, 1000 rpm; catalyst, 0.5 g; and reaction
time, S h.

structure matching an orthorhombic symmetry of zeolite phase
corresponding with the XRD results. The catalyst stability was
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Figure 14. Catalyst recycle study. Reaction conditions: substrate, 5%
(W/W); solvent, isopropyl alcohol (95 mL); temperature, 493 K;
pressure, S00 psi; agitation speed, 1000 rpm; catalyst (3% Pd/MFI), 0.5
g; and reaction time, S h.
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Figure 15. Leaching test. Reaction conditions: substrate, 5% (W/W);
solvent, isopropyl alcohol (95 mL); temperature, 493 K; pressure, 500
psi; agitation speed, 1000 rpm; catalyst (3% Pd/MFI), 0.5 g; and
reaction time, S h.

proved by the XRD of the used catalyst as well as its consistent
performance up to four recycles.
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