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Silylated Zeolites With Enhanced
Hydrothermal Stability for the
Aqueous-Phase Hydrogenation of
Levulinic Acid to y-Valerolactone

Hue-Tong Vu, Florian M. Harth and Nicole Wilde*

Institute of Chemical Technology, Universitét Leipzig, Leipzig, Germany

A systematic silylation approach using mono-, di-, and trichlorosilanes with different
alkyl chain lengths was employed to enhance the hydrothermal stability of zeolite V.
DRIFT spectra of the silylated zeolites indicate that the attachment of the silanes takes
place at surface silanol groups. Regarding hydrothermal stability under agueous-phase
processing (APP) conditions, i.e., pH ~ 2, 473 K and autogenous pressure, the selective
silylation of the zeolite surface using monochlorosilanes has no considerable influence. By
using trichlorosilanes, the hydrothermal stability of zeolite Y can be improved significantly
as proven by a stability test in an aqueous solution of 0.2 M levulinic acid (LA) and 0.6 M
formic acid (FA) at 473 K. However, the silylation with trichlorosilanes results in a significant
loss of total specific pore volume and total specific surface area, e.g., 0.35cm3 g~
and 507 m? g~ for the silylated zeolite Y functionalized with n-octadecyltrichlorosilane
compared to 0.51 cm3 g=' and 788 m? g~ for the parent zeolite Y. The hydrogenation
of LA to y-valerolactone (GVL) was conducted over 3 wt.-% Pt on zeolite Y (3PtY)
silylated with either n-octadecyltrichlorosilane or methyltrichlorosilane using different
reducing agents, e.g., FA or Ho. While in the stability test an enhanced hydrothermal
stability was found for zeolite Y silylated with n-octadecyltrichlorosilane, its stability in the
hydrogenation of LA was far less pronounced. Only by applying an excess amount of
methyltrichlorosilane, i.e., 10 mmol per 1g of zeolite Y, presumably resulting in a high
degree of polymerization among the silanes, a recognizable improvement of the stability
of the 3 PtY catalyst could be achieved. Nonetheless, the pore blockage found for zeolite
Y silylated with an excess amount of methyltrichlorosilane was reflected in a drastically
lower GVL yield at 493 K using FA as reducing agent, i.e., 12 vs. 34% for 3PtY after 24 h.

Keywords: hydrothermal stability, biomass, hydrogenation, levulinic acid, formic acid, y-valerolactone, silylation,
zeolite Y

INTRODUCTION

Today’s global economies heavily rely on the utilization of fossil resources. The most predominant
side effect of this dependence is the emission of greenhouse gases resulting in global warming and
climate changes. Additionally, the uncertain supply of crude oil also drives the accelerated search
for sustainable substitutes in order to reduce the strong reliance on fossil resources. In this regard,
biomass has been extensively studied as a renewable resource for the production of chemicals and
fuels due to its ubiquity (Alonso et al., 2010).
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Lignocellulose, i.e., non-edible plant biomass, is the most
abundant class of biomass and is commonly produced as a
waste by-product in the agricultural and forestry industry.
Aqueous-phase processing (APP) is a selective and comparatively
mild approach to utilize lignocellulosic biomass via hydrolysis
and subsequent heterogeneously catalyzed upgrading. In this
respect, the highly oxygenated macromolecules as present in
lignocellulosic biomass are depolymerized and converted to a
number of platform chemicals, including hydroxymethylfurfural
(HMF), levulinic acid (LA), 2-methyltetrahydrofuran (Alonso
et al, 2013), levulinate esters (Sun and Cheng, 2002), 8-
aminolevulinic acid (Chheda et al., 2007), or y-valerolactone
(GVL) (Cortright et al., 2002; Huber et al., 2004; Gallezot, 2012).
Of these, GVL has attracted high interest as a potential fuel
additive, a “green solvent,” an intermediate for the manufacture
of chemicals (Alonso et al., 2013) and a new class of biofuels
named “valeric biofuels” (Lange et al., 2010). The production
of GVL entails the hydrogenation of LA. LA can be selectively
produced via acid hydrolysis of lignocellulosic biomass, which
results in a high-water content mixture containing formic acid
(FA) as by-product with an equimolar amount (Kamm et al,,
2005). Therefore, the use of the as-synthesized aqueous mixture
of LA and FA allows economically efficient production of GVL
since no subsequent separation is required for further upgrading.
In most studies, molecular hydrogen is used as a reducing agent
for hydrogenation of LA (Mehdi et al., 2008; Deng et al., 2009,
2010; Geilen et al., 2010; Li et al.,, 2012; Wright and Palkovits,
2012; Delhomme et al.,, 2013; Luo et al,, 2013; Abdelrahman
et al, 2015; Huang et al., 2015). However, the direct utilization
of FA is a promising approach to avoid the application of
external hydrogen supply. Possible reaction pathways proposed
for the hydrogenation of LA toward GVL involve two steps,
hydrogenation and acid-catalyzed dehydration (Abdelrahman
et al.,, 2014). Hence, bifunctional catalysts, containing both acid
sites, e.g., zeolites, Si0,-Al, O3, and metal sites, e.g., Pt, Pd, Ru, to
catalyze dehydration and hydrogenation reactions, respectively,
are required (Scheme S.1). In this regard, zeolites appear to be
the promising materials for the preparation of the bifunctional
catalyst due to the adjustable acidic properties, i.e., strength and
density of both Brensted and Lewis acid sites (Li et al., 2012;
Ennaert et al., 2016). Owing to the comparatively large specific
surface area, zeolites can also act as support materials for well
dispersed metal particles.

Even though zeolites and especially ultra-stable zeolite Y
(USY) are known for their tolerance to steam, their stability
in aqueous-phase processes employing hot liquid water is less
pronounced (Galadima and Muraza, 2017). Under this severe
environment, zeolites suffer framework collapse, which was
shown to be facilitated by the presence of silanol defects
(Ravenelle et al., 2010; Ennaert et al., 2015). Zhang et al. (2015)
demonstrated the vital role of the density of Si-OH groups
in determining the stability of zeolites in hot liquid water at
473 K. Additionally, the silylation with ethyltrichlorosilane was
found to significantly improve the stability of USY. This method
both decreases the surface silanol density and increases the
surface hydrophobicity, which prevents attack by water. Based
on a similar concept, Prodinger et al. (2016) demonstrated

the stability-enhancing effect of the selective silylation using
chlorotrimethylsilane on retaining the framework of BEA zeolites
after 48h at 433K in hot liquid water. However, systematic
studies on the stability of zeolites and stabilization strategies via
silylation have not been reported in acidic aqueous solutions,
typically at pH =~ 2, under APP conditions, i.e., 473 K.

Thus, in the present study, a systematic silylation approach
using mono-, di-, and trichlorosilanes with different alkyl chain
lengths, i.e., Cl, C3, and C18, was employed to enhance the
hydrothermal stability of zeolite Y. The hydrothermal stability
of the resulting silylated zeolites was investigated in an aqueous
acidic solution containing 0.2M LA and 0.6 M FA under APP
conditions. For Pt catalysts on selected silylated zeolites the
activity and selectivity toward GVL were assessed in the aqueous-
phase in-situ hydrogenation of LA using different reducing
agents, i.e., FA or H.

MATERIALS AND METHODS

Materials

Zeolite Y (CBV 720, H* form, ngi/ny = 15) was supplied
by Zeolyst. Levulinic acid (LA) (>98%) was provided by
Merck Schuchardt OHG. Formic acid (FA) (99-100%) and GVL
(99%) were obtained from Sigma-Aldrich. Toluene (100%) and
ethanol (99.8%) were purchased from VWR International S.A.S.
Tetraammine platinum (II) nitrate [Pt(NH;3)4(NO3)2, 99.99%]
was purchased from Alfa Aesar. The silylating agents are listed
in Table S.1. All chemicals were used as received without further
purification.

Catalyst Preparation

Surface Modification via Silylation Using
Organosilanes

The silylated zeolites were prepared via a procedure developed
by Zapata et al. (2013). Accordingly, 2 g of zeolite Y was dried in
static air at 373 K overnight and subsequently dispersed in 40 cm?
toluene using an ultrasonic bath. The silylating agent (0.5 mmol
organosilane per 1g of zeolite, unless noted) was dissolved in
50 cm? toluene and added to the zeolite suspension. The mixture
was stirred for 24 h at room temperature before the zeolite was
collected, washed with ethanol and dried overnight at 373K
in static air. A variety of organosilanes comprising mono-, di-,
trichlorosilanes with different alkyl chain lengths were applied
(cf. Table S.1). The obtained zeolites were labeled as xClyCz
with x being the number of chlorine atoms in the respective
silane molecule (x = 1, 2, 3), y being the number of carbon
atoms in the alkylsilyl group (y = 1, 3, 8, 18), and z being the
organosilane/zeolite ratio (z = 0.5, 10 mmol per 1g of zeolite)
(cf. Table S.1).

Silylation of Pt/Zeolite Y Catalyst

In the first step, Pt/zeolite Y catalyst was prepared via incipient
wetness impregnation. In a typical experiment, to obtain an
aimed loading of 3 wt.-% of Pt, a solution of 0.061g of
tetraammine platinum (II) nitrate in 0.75 cm® of deionized water
was added dropwise to 1 g of parent zeolite Y. The resulting solid
was then dried in static air at 373K for 12h and subsequently
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calcined for 4 h at 723 K with a heating rate of 5 K min~! in static
air. The calcined catalyst (600 mg) was reduced at 673 K under a
flow of H, (2.0 cm® min~!) in N; (8.0 cm® min™!) for 4 h.

Subsequent silylation of the Pt/zeolite Y catalyst using
n-octadecyltrichlorosilane and methyltrichlorosilane with the
ratio of organosilanes to zeolite being 0.5 and 10 mmol g~*
respectively yielded the modified catalysts (cf. section Surface
Modification via Silylation Using Organosilanes). Prior to the
catalytic experiment, a second reduction for these silylated
catalysts was conducted at 473K under a flow of H, (2.0 cm?®
min~!) in N3 (8.0 cm?® min™!) for 4 h.

Characterization

The parent zeolite Y and silylated zeolite Y, as well as Pt/Y
(3PtY) and silylated Pt/Y (3PtYxClyCz) were characterized
by diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), N physisorption, elemental analysis via optical
emission spectroscopy with inductively coupled plasma (ICP-
OES), and powder X-ray diffraction (XRD).

DRIFTS was carried out in a Bruker Vector 22 FTIR solid
phase spectrometer equipped with a heated DRIFTS cell with a
ZnSe window. Prior to the measurement, the samples were dried
at 473 K for 30 min and the spectra were taken at 373K in a N,
flow rate of 100 cm® min~—!. Spectra were recorded under a N,
atmosphere at 373 K, in the range of 800-4,000 cm~!, by addition
of 100 scans and with a nominal resolution of 4 cm ™.

A micromeritics ASAP2010—physisorption analyzer was
used to record Ny physisorption isotherms. The samples were
evacuated at 523 K under vacuum pressure of 3 x 10~!! MPa
for 6 h prior to the measurements. The isotherms were taken at
77 K. The total specific surface area (ApgT) was determined by the
Brunauer-Emmett-Teller (BET) model. The total specific pore
volume (Vo) was estimated from the N, uptake at a relative
pressure (p py') of 0.99. The specific micropore surface area
and specific micropore volume were calculated using the t-plot
model.

The Pt content was determined by optical emission
spectroscopy with inductively coupled plasma (ICP-OES)
using a PerkinElmer Optima 8000. Prior to the analysis, the
samples were dissolved in 2.0cm® HE 3.0cm® HNOs;, and
3.0 cm® HCI and diluted to obtain aqueous solutions which also
contained 12.0 cm?® H3BOy for complexation of excessive HF.

Powder XRD patterns were recorded at room temperature
using a Siemens, D5000 diffractometer. The diffracted intensity
of Cu-Ka radiation (A = 0.154 nm) was measured in the range of
26 between 4° and 90°, with a step size of 0.005° and a counting
time of 0.2 second for phase identification.

Stability Test

Stability tests were conducted with zeolite Y and silylated zeolite
Y. The reactant solution used in the stability test was the same
used for the catalytic experiments (see below), which was a 5
wt.-% aqueous solution of LA (0.2M) and FA (0.6 M). In a
stainless steel autoclave with a 60cm?® polytetrafluoroethylene
(PTEE) liner, 1g of the zeolite sample, dried at 373K for 12h
prior to the experiment, was added to 40 cm® of the reactant
solution. The sealed autoclave was kept in the oven at 473K

for 24h. Afterwards, the parent zeolite Y was separated via
centrifugation, and subsequently washed three times with 30 cm?
of deionized water. Silylated samples were separated by filtration,
and subsequently washed three times with 30 cm® of ethanol.
Finally, the samples were dried overnight at 373 K in static air.

Aqueous-Phase Hydrogenation of

Levulinic Acid

Reactions were carried out in a 300 cm” stainless steel batch
reactor (Model # 4560, Parr Instruments Company) with a
head stirrer, a heater, as well as an external monitor (Model #
4848, Parr Instruments Company) for temperature, pressure and
stirring speed. For each catalytic experiment, 0.50 g of the pre-
reduced catalyst and 125 cm? of an aqueous solution containing
LA (0.2 M) were loaded into the reactor. The reactor was sealed,
purged with a flow of N, (4.0 MPa) for 15 min, heated up to 393
or 493K and kept at that temperature for 24 h while stirring at
700 min~!. Either FA or H, was applied as the reducing agent.
In the first case, FA was added directly to the starting reactant
solution, giving a 5 wt.-% aqueous solution of LA (0.2 M) and FA
(0.6 M) and the reaction ran at autogenous pressure. In the latter
case, an excess amount of gaseous H, (2.5 MPa) was applied to
the reactor when the desired temperature was reached, typically
after 30 min.

Liquid samples were withdrawn at the start (when the desired
temperature was reached, typically after 30 min) and after 24 h.
The withdrawn samples were filtered and diluted by a volume
factor of 5 in triple deionized water. A high-performance
liquid chromatography (HPLC) system (Prominence-HPLC,
Shimadzu, Kyoto, Japan) equipped with a photo-diode array
detector and a Macherey-Nagel Nucleodur PolarTec column (4.6
x 250 mm) was used for the quantification of FA, LA, and GVL.
An aqueous solution of 5 M H,SO4 was used as the mobile phase
at a flow rate of 0.8 cm® min~! and the column was operated at
313 K. The substances were quantified using chromatograms at
the wavelength of 210 nm. Retention times for FA, LA, and GVL
were determined using commercial FA, LA, and GVL.

The conversion of FA (Xg4), LA (X14), and the yield of GVL
(Ygvr) were calculated from the concentration of the compounds
determined via external calibration of the respective integrated
peak area.

3

Cora — Cy g

Xpa = e x 100 % (1)
Coua — C

Xpq = A7 FOLA 100 9% @)
Co, LA
C gL

Yovi = x 100 % 3)

Ctheoretical, GVL

Cora,LA: initial FA, LA concentration, C pa, 1A, gvL: FA, LA,
GVL concentration at specific reaction time and Cipeoretical, GVL
represents the stoichiometric calculated yield of GVL.

After the reaction, the reactor was cooled to room
temperature, and the catalyst was removed from the reaction
mixture by centrifugation, washed three times with 30cm?
deionized water and dried at 373 K for 12 h.
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RESULTS AND DISCUSSION

Impact of Attached Organosilanes on
Textural and Structural Properties of
Zeolite Y

The silylation of zeolite Y was conducted using different
organosilanes including mono-, di-, trichlorosilanes as well as
with different aimed silanes loadings. Figure 1 shows DRIFT
spectra for zeolite Y and selected silylated samples with different
alkyl chain lengths, e.g., Y3CI1CO0.5 and Y3Cl18C0.5. In the O-H
stretching vibration region (Figure 1A), the parent zeolite Y
displayed a dominant band at 3,738 cm ™!, which can be assigned
to the free silanol groups, and two other bands characteristic of
Bronsted acid sites (BAS) located in the supercages (3,627 cm™ )
and the sodalite cages (3,562cm™!) of the zeolite framework
(Weitkamp, 2000). The band for free silanol groups was present
with significantly lower intensity for silylated zeolites using
monochlorosilanes (cf. Figure S.1). In these cases, the silylation
is found to be selective toward the free surface silanol groups.
Interestingly, this band at 3,738 cm™! is remained at the same
frequency for Y3ClI1CO0.5 with a lower intensity. However, it
is slightly shifted to 3,700 cm™! for the silylated zeolite using
n-octadecyltrichlorosilane (Figure 1A). This shift of the band
indicates the presence of unreacted silanol groups due to the
fact that this bulky silylating agent might experience difficulty
to reach all free silanol groups. The shift in the frequency was
claimed to result from the interaction between the unreacted
Si-OH and the attached alkylsilyl groups (Zapata et al., 2012).
Changing the amount of methyltrichlorosilane applied in the
silylation from 0.5 to 10 mmol g~ !, i.e., Y3CI1C10, the band
representative of the free silanol groups was no longer found.
Therefore, it can be assumed that all accessible Si-OH groups
were grafted. The two above-mentioned O-H vibration bands
associated with BAS remain present for all silylated samples,
which indicates that these internal sites remained unaffected
during the silylation. In coherence with the results of Zapata et al.
(2012), characteristic bands were found for the silylated zeolites
in the C-H vibration range, as depicted in Figure 1B. The band
centered at 2,974cm ™! is corresponding to the C-H stretching

vibration of methyl (CH3) groups and is shifted to 2,964 cm™!
for Y3Cl18C0.5. For silanes with long alkyl chains this spectral
region is dominated by bands at 2,928 and 2,856 cm ™! assigned
to the methylene (CH;) groups. As expected, all these bands are
absent in the spectrum of the parent zeolite. These observations
in the O-H and C-H vibration range for silylated zeolites can be
taken as an indication of the attachment of the alkylsilyl groups
to the silanol groups of the external zeolite surface (Zapata et al.,
2012).

N, physisorption experiments were conducted with the
silylated materials to investigate the effect of the introduced
organosilanes on the textural properties. Figure2 shows the
N, physisorption isotherms for the parent zeolite Y and four
silylated samples. Similar to zeolite Y, silylated samples exhibit
combined type I and type II isotherms with a steep rise in

-
166 e YICHCO5 ||
A Y3CI1C05
v Y3Cl1C10
| & Y3CI18C0.5
00 02 04 06 08 1.0

FIGURE 2 | N, physisorption isotherms of zeolite Y and zeolite Y silylated with
trimethylmonochlorosilane (Y1CI1C0.5), methyltrichlorosilane with different
silane/zeolite ratios (0.5 or 10 mmol per 1 g of zeolite; Y3CI1CO0.5 and
Y3CI1C10, respectively) or n-octadecyltrichlorosilane (Y3CI18C0.5).

A A T Y
free Si-OH BAS
_ Y CH, .
s .
= Y3CI18C05 €
© Y3CI18C0.5 | =~
2 Y3CIC05
Y3CI1C10 — Y3CI1C0 5
CH,
A~ Y3CHC10
3800 3700 3600 3500 3400 3000 2900 2800
v/em™ v/om™

FIGURE 1 | DRIFT spectra at 373K of zeolite Y and silylated zeolite Y silylated with n-octadecyltrichlorosilane (Y3CI18C0.5) or methyltrichlorosilane with different
silane/zeolite ratios (0.5 or 10 mmol per 1 g of zeolite; Y3CI1CO0.5 and Y3CI1C10, respectively), showing the O-H stretching (A) and C—H stretching bands (B).
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the adsorbed N, volume at p pal < 0.01, an uptake at a
relative pressure above 0.7 as well as a type H4 hysteresis loop.
Silylation with monochlorosilanes especially does not have a
strong influence on the textural properties of the zeolite (cf.
Table 1). The specific volume of the mesopores was found
virtually unaffected remaining ~0.23cm>® g~!. On the other
hand, the specific micropore volume was reduced from 0.28
to 0.20cm® g~! for Y1Cl18C0.5. The loss of microporosity
is also correlated to the loss of the specific surface area to
a large extent. The highest decrease in the specific surface
area of up to 25% was found for Y1CI18CO0.5. This might
be explained by pore blockage as a result of organosilane
introduction.

The decrease in the microporosity after silylation is more
intense when changing from mono- to the corresponding
trichlorosilanes (cf. Figure S.2). Significant losses of 37% in
the specific micropore surface area and 32% in the specific
micropore volume were evident for Y3Cl18C0.5. In addition,
the mesoporosity was also affected, which contributed to
the loss of 36% in the total specific surface area and 31%
in the total specific pore volume of this material. Most
probably the drastic loss in both micro- and mesopore
volume can be explained by the formation of a polymeric
layer due to the condensation of trichlorosilanes during
silylation making the pores inaccessible for N, (Yoshida
et al., 2001). Noticeably, this effect is most pronounced for
the sample Y3Cl1C10, silylated with an excess amount of
(CH3)SiCls.

In addition, XRD patterns of silylated zeolites showed major
reflections at 260 = 6.3, 10.3, and 15.9° corresponding to the
(111), (220), and (331) lattice planes of the faujasite framework

TABLE 1 | Textural properties, i.e., specific surface area (Aggt), specific
micropore surface area (Amicro), total specific pore volume (Viota)), specific
micropore volume (Vmicro), Specific mesopore volume (Vmeso), and difference in
ABET, Viotal cOmpared to parent zeolite Y (AAggT, A Viotg)) Of zeolite Y before and
after silylation.

Sample A3y AAZcr ADio Vi AVia Vioro  Vieso
/m2g=1 /% /m2g-1 emd3g-! /% jecm3 g1 /em® g~!
Y 788 0 574 0.51 0 0.28 0.23
Y1CI1CO0.5 715 9 506 0.49 4 0.27 0.22
Y1CIHC1.5 725 8 430 0.47 8 0.22 0.25
Y1CI3C0.5 633 20 431 0.47 8 0.23 0.24
Y1CIBC0.5 565 28 387 0.44 14 0.20 0.24
Y1CI18C0.5 564 28 415 0.38 25 0.20 0.18
Y1CI18C1 589 25 430 0.40 22 0.21 0.19
Y2CI18C0.5 436 45 297 0.35 31 0.16 0.19
Y3CHCO0.5 644 18 450 0.49 4 0.24 0.25
Y3CIHC10 411 48 285 0.34 33 0.15 0.19
Y3CI18C0.5 507 36 359 0.35 31 0.19 0.16
avja BET.
byia t-plot.

Cvia Single point.

d
Vimeso = Viotal = Vmicro-

topology. This observation indicated no considerable change in
structural property of the zeolites after silylation (cf. Figure 3).

Hydrothermal Stability of Silylated Zeolite

Y in an Acidic Aqueous Solution

In the stability test, zeolite Y and silylated zeolite Y were
exposed to the reactant solution containing 0.2 M LA and 0.6 M
FA at 473K for 24h. After the stability test, the characteristic
reflections for Y-type zeolite framework can no longer be
found in the XRD patterns for both zeolite Y and zeolite Y
silylated with monochlorosilanes, e.g., Y1CI18C0.5 (cf. Figure 3,
Figure S.4). A broad background typical for amorphous material
is visible, which indicates the destruction of the crystalline
zeolite framework. By increasing the number of Cl atom of
the organosilanes applied in the silylation, the materials, e.g.,
Y2Cl18C0.5 and Y3CI18C0.5, obtained after the stability test
still exhibited the characteristic reflections of the faujasite
framework topology. However the characteristic reflections
possess a lower intensity emerging from a broad background.
This indicates a partial retention of the zeolite framework.
Y3CI18C0.5 appeared to retain the crystalline zeolite structure to
amuch higher degree after the stability test than the parent zeolite
Y. However, the broad underlying background representative
of the amorphous, non-microporous solid typically formed via

... Y3CI1C0.5

A AN

; Y3CIl1C10

:

:

|/ arb. u.

_Y3CI18C0.5

ER8c0s

A AA

A OO

A A
1 1 1 1 1 1 1

5 10 15 20 25 30 35 40
20/°

FIGURE 3 | XRD patterns of zeolite Y and zeolite Y silylated with
n-octadecyltrichlorosilane (Y3CI18C0.5) or methyltrichlorosilane with different
silane/zeolite ratios (0.5 or 10 mmol per 1 g of zeolite; Y3CI1CO0.5 and
Y3CI1C10, respectively) before (solid lines) and after (dashed lines) the stability
test in the aqueous solution of 0.2 M LA and 0.6 M FA at 473 K, autogenous
pressure for 24 h.
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framework destruction is still evident. In contrast, Y3CI1C10
showed the highest relative degree of crystallinity among the
samples, indicating that the high-loading silylation of zeolite Y
with (CH3)SiCl3 seems to successfully result in a comparatively
stable material.

The observations from XRD are in agreement with the
N, physisorption data shown in Figure 4. From the isotherm
of the zeolite Y after the stability test, the absence of the
steep increase in adsorbed N, volume at p p, ' < 001 is
indicative of the total loss of microporosity. In addition, the
observation of a H3 type hysteresis loop might be indicate
the formation of macropores in the spent zeolite Y (Thommes
et al, 2015). Accordingly, significant losses of about 86% in
the total specific surface area and 31% in total specific pore
volume were found. Therefore, it can be concluded that the
parent zeolite Y is hydrothermally unstable undergoing complete
framework destruction when exposed to the acidic aqueous
conditions in the stability test. However, the silylation has a
positive effect on the hydrothermal stability of zeolite Y. The
N, physisorption isotherm for Y3Cl18C0.5 after the stability
test displayed a lower uptake of adsorbed nitrogen at p p, I <
0.01 and a larger hysteresis loop indicative of larger mesopores
compared to the fresh counterpart (cf. Figure 2). Additionally,
application of t-plot model evidently confirmed a decrease in
the specific micropore surface area by 251 m? g=! and a
slight increase in the specific mesopore volume by 0.07 cm® g~}
compared to the fresh Y3CI18C0.5 (Table 2). The deterioration
in the textural structure of Y3Cl18C0.5 after the stability test
is probably caused by the partial hydrothermal deconstruction
of the zeolite framework to a large extent. By silylation using
trichloromethylsilane (Y3CI1C0.5) a complete loss of 0.24 cm’

g~ ! in microporosity could not be prevented. As confirmed

Y3CI1C0.5 .
Y3CI18C0.5
Y3CI1C10

300 |

> <« o

FIGURE 4 | N, physisorption isotherms of zeolite Y and zeolite Y silylated with
n-octadecyltrichlorosilane (Y3CI18C0.5) or methyltrichlorosilane with different
silane/zeolite ratios (0.5 or 10 mmol per 1 g of zeolite; Y3CI1C0.5 and
Y3CI1C10, respectively) after the stability test in the aqueous solution of 0.2 M
LA and 0.6 M FA at 473 K, autogenous pressure for 24 h.

by XRD (cf. Figure 3) this loss can be mainly attributed to
framework destruction. However, silylation using 3Cl11C with
an excess amount, i.e., 10 mmol per 1g of zeolite (Y3CI1C10)
resulted in an almost complete retention of the zeolite structure
after the stability test as indicated by the obtained similarity
in the shape of the corresponding N, physisorption isotherm
when compared to the fresh sample. Interestingly, the specific
mesopore volume was found to be the same (0.19 cm’® g_l) for
Y3Cl1C10 before and after stability test with a slight decrease of
0.03cm? g1 in the specific micropore volume. In comparison,
for Y3Cl18C0.5 the corresponding loss was more pronounced
with 0.13cm?® g~! which is in coherence with the observation
from XRD pattern proving that Y3CI1C10 is more stable than
Y3Cl18C0.5. Most probably the more pronounced framework
destruction is due to the availability of the unreacted silanol
groups in Y3Cl18C0.5 caused by the bulky shape of the n-
octadecylsilyl groups inhibiting complete silylation of silanol
groups as mentioned before in section Impact of Attached
Organosilanes on Textural and Structural Properties of Zeolite Y.
Among the silylated zeolites, Y3CI18C0.5 and Y3CI1C10 are the
most stable materials under these APP related conditions. Hence,
to investigate in the impact of the silylation on the catalytic
activity, these two silylating agents were applied over 3wt.-% Pt
supported on zeolite Y.

Catalytic Activity of Silylated Pt on Zeolite
Y Catalysts in the Hydrogenation of LA

To study the impact of silylation on the catalytic activity
of silylated catalysts, 3PtY and 3PtY3CI18C0.5, 3PtY3CI1C10
were used in the aqueous-phase hydrogenation of LA. The LA
conversion, the GVL yield and the selectivity toward GVL after
24h are displayed in Table 3 and Figure 5. Notably, no other
product besides GVL was found in the aqueous product solution
after the catalytic experiments as confirmed by the HPLC, 'H
NMR, and '3*C NMR (cf. Figures S.7, S.8). However, non-soluble

TABLE 2 | Textural properties, i.e., specific surface area (Aggt), specific
micropore surface area (Amicro), total specific pore volume (Viotg)), specific
micropore volume (Vmicro), specific mesopore volume (Vmeso), and difference in
ABET, Viotal cOmpared to fresh counterpart (AABgT, A Vigtal), Of zeolite Y and
silylated zeolite Y after the stability test at 473 K and autogenous pressure for 24 h.

b d
vmicro Vimeso

Jem3 g—1 /em3 g1

c c
vtotal A vtotal

/emd g~ /%

a a b
Sample  Ager AABer Anicro

/m2g=1 /% /m2g-1

Y 113 86 0 0.35 31 0 0.35
Y1CH1C1.56 143 80 0 0.38 19 0 0.38
Y1CI18C1 87 85 0 0.32 20 0 0.32
Y2CI18C0.5 144 67 0 0.28 20 0 0.28
Y3CI1C0.5 120 81 0 0.35 29 0 0.35
Y3CIHC10 346 16 235 0.31 9 0.12 0.19
Y3CI18C0.5 223 56 108 0.29 17 0.06 0.23
4via BET.

byja t-plot.

Cvia Single point.
deeso = Vzora/ - Vm/'cro-

Frontiers in Chemistry | www.frontiersin.org

May 2018 | Volume 6 | Article 143


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Vu et al.

Silylated Zeolites With Enhanced Hydrothermal Stability

TABLE 3 | LA conversion (X a), GVL yield (YgyL), and selectivity toward GVL
(SgvL) in the hydrogenation of LA using different reducing agents, i.e., FA or Hp,
over 3PtY and 3PtY silylated with n-octadecyltrichlorosilane (3PtY3CI18C0.5) or
methyltrichlorosilane with different silane/zeolite ratios (0.5 or 10 mmol per 1 g of
3PtY; 3PtY3CI1C0.5 and 3PtY3CI1C10, respectively).

Catalysts Ptloading* Reducing T XLa YevL SgvL
/wt.-% agent /K 1% 1% 1%
Y n.d. FA 493 n.d. 13 n.d.
3PtY 2.7 FA 493 42 34 80
Ho 493 100 92 92
Ho 393 95 69 73
3PtY3CI18C0.5 2.5 FA 493 42 22 52
Ho 493 97 79 81
Ho 393 60 36 60
3PtY3CIC10 2.4 FA 493 38 12 32

Reaction conditions: reducing agent H (2.5 MPa) or FA (0.6 M), Vsolution = 125¢m?®, cia =
0.2M, Megtayst = 0.5g, n = 700 min~", 24 h, n.d., not determined, *via ICP-OES.

100
I 3Pty
3PtY3CI18C
sl BEK L]
X 60f
e
-l
3
> 40¢f
20
0
H, H, FA
Hydrogen source
FIGURE 5 | GVL yield (Yg\ ) over 3PtY and 3PtY3CI18C0.5, using different
reducing agents i.e., Hy (2.5 MPa) or FA (0.6 M) (reaction conditions: Vgoution
=1250m3, cLA = 0.2M, T = 393K, or 493K, Mgataiyst = 0.59, n = 700
min~T, 24h).

carbonaceous deposits were obtained after hydrogenation of
LA over all catalysts tested. These non-soluble carbonaceous
deposits, presumably humins, are most likely the side products
leading to the difference between LA conversion and GVL yield.

The hydrogenation of LA over 3PtY was conducted using
different reducing agents, i.e., FA and Hj. In the presence of
FA, the GVL yield was found to be much lower compared
to that obtained when H, was used as the reducing agent,
i.e., 34 vs. 92%, respectively. The significantly decreased GVL
yield in hydrogenation of LA using FA as the reducing agent
was also reported over Pd, Pt, Ru based catalysts on carbon
by Ruppert et al. (2015). They suggested that CO formed
during the decomposition of FA poisons the Pt catalyst (Du

etal,, 2011). Another important factor might be the competitive
adsorption of FA and LA on the active sites of the catalyst
surface. In comparison to unsilylated catalysts, the silylated
counterparts exhibited lower catalytic performance, e.g., a GVL
yield of 22% was observed over 3PtY3Cl18CO0.5 after 24h of
reaction at 493 K using FA as a reducing agent. Under the same
reaction conditions, 12% of GVL yield could be achieved over
3PtY3Cl1C10. This drastically lower activity of silylated catalysts
is caused by a combination of silylation-induced changes in
the catalyst’s properties. Firstly, 3PtY3Cl1C10 displayed a much
lower specific surface area (483m? g~!) compared to 3PtY
(775m? g~1) due to the blockage of micropores as described
above (cf. section Impact of Attached Organosilanes on Textural
and Structural Properties of Zeolite Y). Secondly, the attachment
of organosilanes on the surface might also reduce the accessibility
of active Pt sites. Thirdly, after silylation a decrease in the
Pt loading of 16%, probably due to the additionally attached
organosilanes, was obtained via ICP-OES for 3PtY3Cl18C0.5
in comparison to 3PtY. This decrease in the Pt loading might
partly explain the drastically lower hydrogenation activity.
Furthermore, silylation changes the wettability of the materials.
The apparently hydrophobic catalysts obtained after silylation,
therefore, impose a hydrophobic barrier which may negatively
influence the catalytic activity.

The presence of FA was found to considerably impede the
aqueous-phase hydrogenation of LA. Therefore, in later catalytic
experiments Hj was used as the reducing agent in the absence of
FA under similar reaction conditions, i.e., 125cm> of LA 0.2 M,
at 493K with 2.5 MPa H, for 24h (cf. Table 3 and Figure 5).
In contrast to the LA conversion achieved using FA as reducing
agent, after 24h over both 3PtY as well as 3PtY3Cl18C0.5 an
almost complete LA conversion is observed when using Hj.
However, over the silylated catalyst 3PtY3CI18C0.5a lower GVL
yield of 79% was observed compared to 92% of GVL yield
obtained over 3PtY. Interestingly, if the hydrogenation using H;
is conducted at 393K, over 3PtY the LA conversion remains
almost unchanged at a considerably lower GVL yield of 69%.
Over 3PtY3Cl18C0.5 at 393K both the LA conversion as well
as GVL yield are largely impact amounting to 60 and 36%,
respectively.

To investigate the hydrothermal stability of these catalysts
after catalytic experiments, spent catalysts were collected and
characterized via N physisorption (cf. Figure 6, Figure S.5)
and XRD (cf. Figure S.5). N, physisorption results revealed
that the silylated catalyst using 3Cl18C as silylating agent was
not stable at 493K, under autogenous pressure after 24h in
the presence of FA. Similar to 3PtY, a decrease of 91% in the
total specific surface area (44 vs. 483 m? g~!) and 70% in total
specific pore volume (0.11 vs. 0.37cm® g=!) were found for
3PtY3Cl18C0.5 (cf. Table S.2). The severe degradation of the
faujasite framework is further confirmed by the absence of the
characteristic reflections in the XRD patterns of these samples
(cf. Figure S.5). When using only H; as the reducing agent for
the hydrogenation of LA at the same reaction temperature of
493K or even in the case of lower temperature, i.e., 393K, the
absence of the characteristic reflections in the XRD indicative
for the faujasite framework topology is also observed for
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FIGURE 6 | N5 physisorption isotherms of 3PtY3CI1C10 before and after the
hydrogenation of LA (reaction conditions: Vgoiution = 125¢m®, ¢ a = 0.2 M,
Cpa = 0.6M, T = 493K, Mgatalyst = 0.5, n = 700 min~", 24 h).

3PtY3Cl18C0.5 (cf. Figure S.5). Moreover, the total specific
surface area decreased from 483 to 91 m? g~ ! at 493K and
to 76 m?> g~! at 393K, which is consistent with the loss in
the total specific pore volume from 0.37 to 0.25cm?® g~! at
493K and to 0.31cm® g~! at 393K as a result of the structural
collapse as confirmed by XRD. On the other hand, as can be
seen in the N; isotherm for 3PtY3Cl1C10 a plateau was observed
after a slight increase in the adsorbed N, volume at p p, I <
0.01, which is indicative of a partial retention of microporosity
compared to 3PtY3Cl18C0.5 (Figure 6). Application of t-plot
model evidenced the preservation of 50% of specific micropore
volume for 3PtY3ClIC10 after hydrogenation of LA in the
presence of FA at 493 K under autogenous pressure for 24 h. In
spite of the presence of the characteristic reflections of faujasite
framework in the XRD pattern for this material, the shape of
the baseline indicates that the crystalline zeolite phase was partly
converted into an amorphous solid. However, the silylation using
3CI1C with an excess amount could considerably enhance the
hydrothermal stability of zeolite Y compared to 3PtY3Cl18CO0.5.

CONCLUSIONS

We demonstrated that selective silylation of the free silanol
groups on the external surface is evident by DRIFTS for zeolite Y
silylated with monochlorosilanes. Nonetheless, zeolite Y silylated
with monochlorosilanes were still prone to the degradation
within 24h under APP related conditions in the stability test,
ie., in an aqueous solution of 0.2M LA and 0.6M FA at
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