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Pentanoic acid from y-valerolactone and formic acid using
bifunctional catalysis

A green and sustainable process for the synthesis of
pentanoic acid from the lignocellulosic derivable
y-valerolactone with formic acid with bifunctional catalyst
was presented. Also, this work demonstrated the one-pot
catalytic conversion of agueous solution containing levulinic
acid with formic acid towards pentanoic acid.
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Introduction

Pentanoic acid from y-valerolactone and formic
acid using bifunctional catalysist

Majd Al-Naji, & *#< Joost Van Aelst,® Yuhe Liao,” Martin d'Hullian, ©°
Zhipeng Tian,® Chenguang Wang,® Roger Glaser & € and Bert F. Sels*®

Pentanoic acid (PA) is an industrially relevant chemical used in several applications, currently manufac-
tured from fossil feedstock. Conversion of y-valerolactone (GVL), a stable platform chemical from cellulo-
sic biorefineries, into PA is studied here in the presence of aqueous formic acid (FA), as a sustainable and
available reducing agent. For this purpose, bifunctional catalyst comprising Pt supported on acidic zeolites
were utilized. Pt has a dual role, decomposing FA into hydrogen in the fastest step occuring in the initial
stage of the reaction, and hydrogenating pentenoic acids (PEAs) intermediates, which are formed through
acid-catalyzed ring opening of GVL, to PA. Since ring-opening is thermodynamically disfavored under
hydrothermal conditions at high temperature (543 K), hydrogenation on Pt is rate limiting and thus fast
provision of hydrogen is a prerequisite to PA formation from GVL. Strong acidity such as on ZSM-5 is
required to catalyze the dehydration/ring-opening step in the reaction cascade from GVL to PA. High
surface area of Pt improves GVL conversion rate, whereas no dependency of rate on Brensted acidity is
observed in the applied conditions. Strong interaction of the Pt/ZSM-5 catalyst with FA and its decompo-
sition side-products, e.g. CO, retards the hydrogenation step, and therefore may better be added step-
wise. The temperature dependency of this cascade reaction was determined, showing an apparent acti-
vation energy for GVL conversion and FA dehydrogenation of 73 kJ mol™ and 19 kJ mol™, respectively.
Finally, the selective one-pot process of levulinic (LA) instead of GVL, to PA using FA as reducing agent
was pioneered successfully.

geneously aqueous-phase hydrogenation of levulinic acid (LA)
to pentanoic acid (PA) through y-valerolactone (GVL) and pen-

The associated resource stress, price volatility, as well as
climate change and pollution effects of our fossil raw
materials-based economy, necessitates a transition towards a
sustainable circular bio-economy based on renewable
resources such as biomass.' ' Recently, a large number of
reports dealing with the production of chemicals and liquid
transportation fuels from lignocellulosic biomass was
published.”**° Among them, the homogeneously and hetero-
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tenoic acids (PEAs) has received significant attention.'®' This
correlates to the straightforward and robust production of LA,
i.e., via acid catalysis of lignocellulosic biomass, with an equi-
molar formation of aqueous formic acid (FA). The latter crude
can be used as an alternative and sustainable source of H,,
thus avoiding the production of external H,, which is currently
produced from fossil methane. In the last decade, LA hydro-
genation to GVL over supported metal catalysts using exter-
nally supplied H, and alternative reducing agents has been
studied intensively and successfully.”>>* GVL has thus been
considered as one of the most important platform chemicals
available in future lignocellulosic biorefineries. GVL possesses
excellent solvent properties (e.g., solvation) for homogeneous
and heterogeneous catalysis,” > but it may also serve as
stable and non-toxic platform chemical to be converted to a
wide range of other useful chemicals.

One of such chemicals may be PA (or valeric acid). PA is
currently produced industrially from 1-butene and syngas
using the OXO process, followed by air oxidation of the
aldehyde product into PA.>® Utilization of expensive soluble Rh
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Scheme 1 Valorization route of the lignocellulosic biomass-derived GVL in the presence of FA as a reducing agent to PA over zeolite supported Pt

bifunctional catalyst.

catalysts and its recuperation are main disadvantages, besides
the formation of considerable amounts of side-products such
as branched products, alcohols and alkanes.’® PA has found
wide application as ester type lubricants in aviation turbine
oils, fire resistant hydraulic fluids, refrigerator oils, plastici-
zers, vinyl stabilizers, and specialty chemicals and pharmaceu-
ticals.®” PA can also be readily converted into 5-nonanone
(dibutyl ketone), an industrial solvent in paint and resins and
potential biofuel precursor, using established gas phase keto-
nization technology.’® Esters of PA has recently been men-
tioned as a promising component of advanced biofuels.****

GVL to PA includes different processes involving hydrode-
oxygenation, dehydration and hydrogenation chemistry. Use of
solid acid and supported metal catalysts is therefore no
surpise.*>*® For example, Yun et al** studied the gas-phase
hydrodeoxygenation of GVL in temperature range of
523-623 K, utilizing supported metal phosphide catalysts and
a commercial y-Al,0; and MCM-41. The complete GVL conver-
sion via ring-opening to PEAs with subsequent hydrogenation
mainly to PA was observed at 598 K and 623 K with different
side products, ie.,, pentanal, unsaturated C4 and
C5 hydrocarbons and CO, due to subsequent hydrodeoxygena-
tion and decarbonylation pathways that occur at the high reac-
tion temperature.** Also, Pd supported on sulphonated porous
coordinated polymer (MIL-101-SO;H) was efficiently employed
for the one-pot hydrogenation of GVL (conversion of 100%) to
yield 83% ethyl pentanoate in ethanol at 523 K using 3 MPa of
H,.** High amounts of Brensted acid sites, assisting GVL ring-
opening, have been reported to be essential.*> Aqueous-phase
selective hydrogenation of GVL to PA over supported metal cat-
alysts has been barely investigated. Lange et al.*® successfully
converted neat GVL to PA in a continuous flow system over
bifunctional Pt/Si0,-ZSM-5 catalysts via acid-catalyzed ring-
opening to PEAs, followed by metal-catalyzed hydrogenation to
PA with externally supplied H,. Pentanol formed as side
product reacts with PA to form pentyl esters, recognized as
promising biofuels. Alternatively, mainly for catalyst stability
reasons, the Dumesic group reported on the aqueous-phase
conversion of GVL to PA over bifunctional Pd on Nb,Os at
598 K and 3.5 MPa of H, in a flow reactor.*”

All reported investigations on GVL to PA have utilized
organic solvent or externally supplied H,. Therefore, an inte-
grated, intrinsically benign and sustainable process for the
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production of PA from the available aqueous mixture of LA (or
GVL) and FA, as directly accessible from the acid catalysis of
cellulosic biomass in the biorefinery, may have industrial
potential. This process runs without externally supplied H,
and separating LA and FA from water, a costly step in the biore-
finery process, is not required. Additional cost of separation in
the lignocellulose-to-LA process can also be avoided, since PA
is poorly water-soluble (only 35 ¢ L™ at room temperature),*®
as opposed to GVL, which is completely water soluble.

This study therefore aims, to our knowledge for the first
time, at a direct and efficient use of aqueous FA as an alterna-
tive and sustainable reducing agent for the aqueous-phase
selective hydrogenation of GVL to PA. In this study we propose
that the aqueous-phase selective hydrogenation of GVL to PA
in the presence of FA as a reducing agent proceeds through (1)
decomposition of FA to H, on the active metal sites, (2) GVL
ring-opening to PEAs on the acidic function, and (3) hydrogen-
ation of PEAs to PA on the active metal sites (Scheme 1).
Bifunctional catalysis is clearly needed here. Thus, zeolites are
known as highly potential catalyst support for metals to
upgrade lignocellulosic biomass-derived compounds.**™” In
our study, we therefore suggest zeolites, i.e., ZSM-5, Beta and
USY, to deliver the acid sites and to support the metal, here Pt,
owing to their combination of high and tunable porosity,
acidity and hydrothermal stability. In addition, the effect of
varying the Pt surface area (Sp) and dispersion, acid site
density of the zeolite material, GVL/FA molar ratio and reac-
tion temperature on the catalytic performance were systemati-
cally investigated to find support for the proposed mechanism
as well as to define the optimal catalytic requirements for the
cascade reaction. Moreover, the one-pot aqueous-phase conver-
sion of LA, instead of GVL, to PA in the presence of FA using
zeolite-based catalyst was pioneered and discussed.

Results and discussion
Catalyst preparation and characterization

The various Pt catalysts on zeolites were synthesized via incipi-
ent wetness impregnation, ¢f. ESIf for the details of the cata-
lyst preparation procedure. Prior to the catalytic experiments,
the set of catalysts were thoroughly characterized using
N,-sorption, X-ray diffraction, elemental analysis via induc-
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Table 1 Textural properties and metal content of Pt catalyst supported
on different zeolites, i.e., specific surface area (Sget) and specific pore
volume (V) derived from N, physisorption, density of acid sites deter-
mined by NHs-TPD, Pt content derived from elemental analysis via
ICP-OES and Pt surface area (Spy) determined by H,-chemisorption

Acid sites

density/
Catalyst Sger/m® g™t Vyem®g™' pmolg™  Sp/m’ g’
2.1Pt/USY(30) 795 0.5 162 1.4
1.9Pt/USY(6) 659 0.4 359 1.2
2.0Pt/Beta(12) 475 0.6 285 1.3
0.5Pt/ZSM-5(11) 329 0.2 521 0.7
2.0Pt/ZSM-5(11) 317 0.2 466 1.4
4.7Pt/ZSM-5(11) 244 0.2 418 4.5
1.7Pt/ZSM- 234 0.2 295 0.4
5(11)_after1* use
2.0Pt/ZSM-5(24) 371 0.2 323 1.0
1.8Pt/ZSM-5(42) 292 0.2 244 0.8
1.9Pt/ZSM-5(146) 430 0.2 51 1.0
tively coupled plasma optical emission spectroscopy

(ICP-OES), temperature-programmed desorption of ammonia
(NH,;-TPD), transmission electron microscopy (TEM) and H,-
chemisorption. Thermogravimetric analysis (TGA) of spent
catalyst was conducted. The experimental details of these
characterization procedures and set-ups are summarized in
the ESIL.T The textural, compositional, acid site density and the
Pt average sizes and surface area are presented in Table 1. In
this work catalysts are coded as follows: (actual metal loading)
Pt/(Zeolite type)(Si/Al molar ratio), e.g., 2.0Pt/ZSM-5(11) means
a 2.0 wt% Pt loaded ZSM-5 with a Si/Al ratio of 11.

The BET surface area between 300 and 800 m* g™* corres-
ponds to the microporosity of the zeolites, showing the
highest values for USY zeolites as the results of their pore
architecture and presence of mesoporosity (Table 1, Fig. S1
and S2 at ESIt). Similarly, the pore volumes are higher for the
less dense zeolites, e.g. beta vs. ZSM-5. The Pt surface area
(Spe) shows larger values in the range of 0.5 to 5 m> g~ " for
samples with the higher Pt loading, while the average Pt size
(dpy) is between 3 and 9 nm (TEM images at Fig. S31) depend-
ing on the zeolite support; a larger Pt size is measured for the
larger-pore zeolites and no significant effect of the Si/Al
content and Pt loading is observed on the Pt size. The lowly
loaded Pt on ZSM-5(11), i.e., 0.5 wt%, may be an exception.
The measured acid sites density between 50 and 500 pmol g
zeolite is according to the expectations based on the Si/Al
ratio.

Effect of the different zeolite supports

The catalytic aqueous-phase hydrogenation of GVL to PA is
first studied over the catalysts with 2.0 wt% Pt, supported on
different type of zeolite, i.e., USY(30), USY(6), Beta(12) and
ZSM-5(11). FA was used as the reducing agent. In a typical
experiment, a GVL-to-FA molar ratio of 0.4 was used to ensure
excess of hydrogenation capacity with respect to GVL and its
reaction to PA. The reaction evolution with regard to GVL con-
version and PA yield are summarized in Fig. 1. Details descrip-

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 GVL conversion (top) and PA yield (bottom) as function of reac-
tion time over Pt catalysts supported on USY(30), USY(6), Beta(12) and
ZSM-5(11) zeolites in the aqueous-phase hydrogenation of GVL to PA in
the presence of FA as a reducing agent; reaction conditions: Cgy =
1.2 mol L™, Cga = 2.7 mol L™, Vieactant = 0.05 L, T = 543 K, Meatayst =
0.8 g, N = 400 rpm and teaction = 24 h. The orange symbol represents
the experiment conducted using a larger amount, i.e., 1.6 g of 2.0Pt/
ZSM-5(11) while the other parameters kept constant.

tion of the catalytic experiments procedure can be found at
ESI.} All catalysts show conversion of GVL and formation of
PA. Interestingly, PA is the dominant product for all catalysts
at every time interval. Such indication of high PA selectivity at
every conversion of the cascade reaction may be somewhat sur-
prising, but this will be explained later. Inspection of the
reaction evolution reveals a significant difference in the GVL
conversion rate despite the similar Pt loading. The order of
the conversion rate is the following: 2.0Pt/ZSM-5(11) > 2.0Pt/
USY(6) > 2.0Pt/Beta(12) > 2.0Pt/USY(30). The same trend is
apparent for the GVL conversion after long reaction time,
except that 2.0Pt/USY(6) and 2.0Pt/Beta(12) changed order.
After 24 h, the highest GVL conversion (69.3%) is obtained
with 2.0Pt/ZSM-5(11), while 2.0Pt/Beta(12), 1.9Pt/USY(6) and
2.0Pt/USY(30) show a GVL conversion of 53.9, 44.6 and 35.2%,
respectively. Furthermore, a notable quantitative GVL
conversion to PA was achieved by doubling the amount of
2.0Pt/ZSM-5(11) catalyst in the reactor, i.e., from 0.8 g to 1.6 &
at 543 K.

Green Chem., 2020, 22, 1171-1181 | 1173
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It is speculative to attribute the high activity of 2.0Pt/ZSM-5(11)
at this point to the difference in Pt size, while the available
Pt surface area for all catalyst is comparable, and therefore
other parameters may play a more prominent role. 2.0Pt/
ZSM-5(11) exhibits the highest acid site density (466 pmol g™ )
in comparison to the others, 2.0Pt/Beta(12), 1.9Pt/USY(6) and
2.0Pt/USY(30), which possess acid site densities of 285, 359
and 162 pmol g7, respectively. In addition to the higher acid
density, 2.0Pt/ZSM-5(11) is the only catalyst that largely pre-
served its crystal structure and textural properties, as well as
the strong acid sites even after 24 h of reaction time in the hot
liquid water conditions (at 543 K), ¢f. ESI at Fig. S4-S6.} This is
in good agreement with the work of Resasco et al.>® for the
same zeolite after treatment in hot liquid water.”® This is in
sharp contrast to the loss of crystal structure for the other zeo-
lites, 2.0Pt/Beta(12), 1.9Pt/USY(6) and in particularly 2.0Pt/
USY(30), as confirmed by XRD, which already happens far earlier
than the 24 h (Fig. S4 and S5 in ESI;T stability in time not
shown). This is a well-known phenomenon for USY and Beta
zeolite in hot liquid water and aqueous-phase hydrogenation
reaction.>**° This structural instability may impact the conver-
sion rate early on, as well as explains the lower PA yield after
24 h and the observed change in catalyst activity order (see
above), since 2.0Pt/Beta(12) is somewhat more stable than
1.9Pt/USY(6). Following this hypothesis, a certain amount of
strong Brensted acidity needs to preserve in order to allow the
GVL to PA cascade reaction (Fig. S6 at ESIT). Most likely, the
acid catalyst installs a rapid equilibrium between GVL and
PEAs. Any retardation here, e.g. due to catalyst instability, may
affect GVL conversion rate.

Effect of Pt loading and acid site density

Based on the above catalyst exploration, the most stable and
active catalyst, i.e., 2.0Pt/ZSM-5(11) was selected to further
investigate the effect of the Pt loading. In addition, the influ-
ence of the acid site density of the support, when stable under
the reaction conditions, on the catalyst behaviour was studied.
For this, commercial ZSM-5 with different Si/Al ratio were
selected and impregnated with the same Pt loading (2.0 wt%).

Experiments in absence of catalyst and only with parent
ZSM-5(11) showed low GVL conversion yielding very low
amounts of PA. Yet, we have observed some GVL conversion,
which are due to metal impurities in the reactor (see the
caution at the experimental procedure at ESIT). Besides, no sig-
nificant amounts of PEAs or derived products have been
observed in the withdrawn samples. FA decomposition occurs
slowly under these circumstances (see Fig. S7, ESI{). Also, stir-
ring speed above 400 rpm, ie., 600 and 800 rpm, has no influ-
ence on GVL conversion and PA yield (Fig. S8 at ESIf). This
suggest that the reaction under the investigated conditions
occurs under kinetic regime and no pronounced influence of
the stirring speed on GVL conversion and PA yield.

The decomposition of FA is tremendously accelerated in
presence of 0.5, 2.0 and 4.7 wt% of Pt/ZSM-5(11), cf. at ESI,
Fig. S7.7 This acceleration is in line with the Pt loading. For
instance, all FA is converted with the 4.7 wt% Pt catalyst

1174 | Green Chem., 2020, 22, 1171-1181
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already before reaching the reaction temperature, while such
full FA conversion requires about 5 h (at the reaction tempera-
ture) in the presence of the 0.5 wt% Pt catalyst. Clearly the Pt
loading plays a crucial role in the catalytic decomposition of
FA. Since not so much the average size, but mainly the Pt
surface area differs for the different Pt/ZSM-5(11) samples, the
link between the Pt surface area and the FA conversion rate is
obvious. This relationship is further corroborated by plotting
the observed FA conversion (open circles) against Sp (Fig. 2).
Our findings are here in agreement with FA decomposition lit-
erature, such as that of Fujitsuka et al.,”” who also correlated
the high activity of Pt/C for FA dehydrogenation to the high Pt
surface area (7.9 m”> g~' with Pt nanoparticles of 3 nm
measured by H,-chemisorption in their case), and they also
tentatively excluded the existence of structure-sensitivity for FA
decomposition. Similarly, kinetic profiles of the different cata-
lysts were obtained to monitor the GVL conversion. The data
are collected in Fig. S7 at ESI.T As before, all samples showed
very high selectivity to PA (above 98%), irrespective of the cata-
lyst and the contact time (conversion). Catalysts with more Pt
sites, i.e., exposed surface area, show the highest GVL conver-
sion rate with classic order-dependent behavior of the GVL
conversion in function of time, except for the special S-shaped
curve obtained in presence of the 0.5 wt% Pt catalyst. Note
that here the conversion of FA is likely substantially interfering
the kinetics of GVL conversion, leading to a first increasing
GVL conversion rate with time as the concentration of hydro-
gen due to incomplete FA decomposition is still increasing.
Once FA decomposition is complete, the conversion rate levels
off due to shortness of reagents. This obviously implies an
underestimate of the initial GVL conversion rate for this par-
ticular catalyst.

After 24 h, in spite of their difference in conversion rate,
2.0Pt/ZSM-5(11) and 4.7Pt/ZSM-5(11) display a similar GVL
conversion (69.3% and 71.7%, respectively) and PA yield
(68.5% and 70.3%, respectively). The low Pt content catalyst,

0.020 T T T =100
O 0.5Pt/ZSM-5(11)_FA Conversion
O 2.0Pt/ZSM-5(11)_FA Conversion
B 0.016 } O 4.7Pt/ZSM-5(11)_FA C s Joo
3 =
[ o~ ~
<. 0.012f ™ 480 §
s -~ B No Catalyst 2
—: o W ZSM-5(11) 4
€ 0.008} B 0.5PUZSM-5(11) 470 §
~ u B 2.0PtZSM-5(11) o
2 B 4.7PYZSM-5(11) <
K B 2.0PUZSM-5(24)
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B 1.9PZSM-5(146)
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Fig. 2 The effect of Pt specific surface area (Spy), Pt loading and ZSM-5
density of acid sites on the GVL conversion rate (rgy) of the aqueous-
phase hydrogenation of GVL to PA (squares), as well as on FA conversion
at the "0 h sample” which is withdrawn when the reaction temperature
reached 543 K (open circles); reaction conditions: Cqy. = 1.2 mol L™,
Cra= 2.7 Mol L™, Vieactant = 0.05 L, T = 543 K, Meatayst = 0.8 g, N = 400
rpm and tieaction = 24 h.
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0.5Pt/ZSM-5(11), shows a somewhat lower GVL conversion and
PAyield, 58.2% and 56.7%, respectively (¢f. ESI, Fig. S77).

The GVL conversion rate of the three Pt catalysts, as calcu-
lated from the data of Fig. S7f assuming a pseudo-zero order
reaction (taking the slope of the first 3 points) for GVL conver-
sion in accord to the kinetic model of Bond et al.,*® are plotted
against the Pt surface area in Fig. 2. The conversion rate of
GVL shows a similar trend with the amount of Pt sites as the
FA decomposition, but perhaps deviation from linearity may
be suggested here. We were unable so far to define a trustful
link with the Pt particle size in our data.

The observed GVL conversion rate may thus be coupled
with that of FA decomposition. In order to decouple this,
additional experiments were performed by using excess
amount of external H, (and no FA), simulating fast FA
decomposition, in the presence of 0.5Pt/ZSM-5(11) and 4.7Pt/
ZSM-5(11). The data are presented in Fig. 3. Both reactions run
very fast showing complete conversion already within a couple
of hours with very high PA selectivity. Also, here, PEAs as
primary product have not been detected during the whole
course of the reaction; instead PA is the dominant product
formed with very high selectivity. This observation suggests
unambiguously that PEAs hydrogenation is very fast, with
higher conversion rates than that observed for the reactions in
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Fig. 3 GVL conversion (top) and PA yield (bottom) as function of reac-
tion time over 0.5Pt/ZSM-5(11) and 4.7Pt/ZSM-5(11) in the aqueous-
phase hydrogenation of GVL to PA in the presence of FA as a reducing
agent and using only external H, supply; reaction conditions with
FA: CovL = 1.2 mol L™, Cpa = 2.7 mol L™, Vieactant = 0.05 L, T = 543 K,
Meatayst = 0.8 9, N = 400 rpm and treaction = 24 h; reaction conditions
with only external Hy: Covr = 1.2 mol L™, Vieactant = 0.05 L, T = 543 K,
pHz = 6.0 MPa, Mcatalyst = 0.8 g, N = 400 min~* and treaction = 24 h.
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presence of FA. The catalyst 4.7Pt/ZSM-5(11) having the
highest Pt surface area clearly shows the highest GVL conver-
sion rate, respecting the defined catalytic role of the Pt surface
sites.

The experiment thus shows that Pt/ZSM-5 is an excellent
catalyst for GVL to PA conversion using hydrogen gas, and that
the reaction runs much faster with externally supplied hydro-
gen, instead of hydrogen formed by FA decomposition, even
though the latter reaction is already complete during the
initial reactor heating. Thus, even if the two reactions are not
interfering on the active site of the metal catalyst in certain
conditions, e.g., at high Pt loading, the presence of little FA, or
other side products such as CO (as a result of water shift reac-
tion with CO, and H,), retards GVL conversion most likely as a
consequence of strong adsorption of such molecules on Pt.
They can thus be considered as catalyst poisoners, and their
presence is a true challenge for improving the GVL to PA cata-
lysis using FA as reductant.>*°°

The effect of acid site density on the catalytic performance
was studied by altering the Si/Al molar ratio of ZSM-5, while Pt
content kept constant. The following Si/Al molar ratio of 11,
24, 42 and 146 were used.

The kinetic profiles are presented in Fig. S9 and the GVL
conversion rates are plotted against the Pt surface area in
Fig. 2. The catalysts with varying acidity show very compar-
able reaction profiles and GVL conversion rates, with the
2.0 wt%-Pt catalyst apparently being somewhat more active.
However, by taking into account the differences in Pt surface
area between the catalysts, the Pt-normalized activity of the
catalysts become all very similar, indicating that the acidity,
when stable during the course of the reaction, has no marked
effect on the reaction rate.

Our hypothetical scheme suggests therefore that the for-
mation of PEAs is not rate limiting under the tested con-
ditions, but yet it is never detected in the analyzed sample.
This apparent ambiguity can only be explained taking into
account an equilibrium between PEAs and GVL in favor of GVL
under the conditions. This assumption is supported by recent
studies of Bond et al.>® and Wong et al.®!

Finally, a commercial Pt on carbon catalyst was tested, and
the results are worse in comparison to those of the 2.0Pt/
ZSM-5(11), cf. Fig. S10 at ESL} This experiment supports the
requirement of a strong acid, and that the acidity of FA itself is
not the main contributor in the studied reaction.

Effect of GVL/FA molar ratio

Since FA decomposition is interfering with GVL conversion, an
optimal balance of the two reactions is likely important.
Changing the GVL-to-FA ratio may be very informative to
found more insight here. Four ratios were studied in the range
of 0.3 and 2.5, in the presence of 2.0Pt/ZSM-5(11). The kinetic
profiles are presented in Fig. S10, while the calculated GVL
conversion rates and FA conversion (only the first sample
when the temperature reached 543 K) are plotted against the
GVL-to-FA molar ratio in Fig. 4. Variation of the GVL-to-FA
molar ratio significantly affects the GVL conversion rate. In
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Fig. 4 The effect of GVL/FA molar ratio using 2.0Pt/ZSM-5(11) on the
GVL conversion rate (rgy.) for in the aqueous-phase hydrogenation of
GVL to PA (green squares), as well as on FA conversion at the "0 h
sample” which is withdrawn when the reaction temperature reached
543 K (orange squares); reaction conditions: Cgy. = 1.2 mol L™, Cpa =
0.5,1.3, 2.7 and 3.8 mol L™, Vieactant = 0.05 L, T = 543 K, Meatayst = 0.8 g,
N =400 rpm and teaction = 24 h.

this regard, the more FA is present for the same amount of
GVL, the slower the conversion rate becomes. This observation
suggests that high FA contents retard GVL conversion to PA.
The opposite is true for low FA concentrations. Here, GVL con-
version is faster, but incomplete conversions are obtained due
to shortness of hydrogen. Notably, no significant amounts of
intermediate PEAs were analyzed in any of the samples of the
kinetic study. Closer inspection of the kinetic data reveals the
highest GVL conversion rate, viz. 0.025 molgyy h™ gca ' in
case of 2.0Pt/ZSM-5(11), for a GVL-to-FA molar ratio of 2.2.
However, the PA yield was low (58%) (Fig. S11 at ESI}) due to
the limited amount of H, in the catalytic system. Indeed,

GVL/FA molar ratio > 2 at 543 K

If no sufficient H, available in the system

View Article Online
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taking into account the stoichiometric formation of hydrogen
from FA, complete hydrogenation to PA was impossible at such
ratio. Instead, another competitive reaction sets in at the later
stage of the reaction (Fig. S11 at ESI}), gradually forming LA.
Under the reaction conditions, 23% LA yield was for instance
found in the 24 h sample.

LA formation is the result of a reverse ring-opening reaction
of GVL to y-hydroxypentanoic acid (HPA) on the active acid site
(Scheme 2), followed by dehydrogenation of the alcoholic
intermediate (which we have not directly observed throughout
this study) at the Pt surface.

This indicates that Pt can also act as a dehydrogenation
catalyst under poor H, availability. The hydrogen formed in
this reaction is also consumed for PA formation, explaining
the super-stoichiometric amounts of PA formed (58% PA yield)
with respect to FA as well as the high 82% GVL conversion.
The observation of this ‘unproductive’ reaction of LA for-
mation unveils that sufficient amounts of FA are necessary to
achieve quantitative PA formation from GVL. Adequate
amounts of H, are present to fully convert GVL into PA for the
GVL-to-FA molar ratios of 0.9, 0.4 and 0.3. In these circum-
stances, the catalytic results nicely show similar GVL conver-
sion and PA yields (Fig. S11 at ESI{). Incomplete PA yields
were observed for the reaction time, mainly due to the sluggish
reaction rate, but stability issues of the catalyst under such a
high FA concentration cannot be excluded (Fig. S11 at ESI¥). In
summary, low contents of FA keep the GVL conversion rate
high, but high PA yields can only be achieved after very long
reaction time. Multiple dosages of small aliquots of FA, e.g., by
gradual addition, until complete GVL conversion to PA may be
a great solution to obtain PA rapidly and quantitatively. Under
such conditions, the catalyst will experience always low FA con-
centrations, being better for the structural integrity of the solid
catalyst.

GVL/FA molar ratio < 2 at 543 K

In the presence of excess amount of H, in the system
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Scheme 2 Proposed pathway for aqueous-phase selective hydrogenation of GVL to PA in the presence of FA as a reducing agent over 2.0Pt/ZSM-5(11)

using different GVL/FA molar ratio, i.e., 0.3, 0.4, 0.9 and 2.2.
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The impact of the GVL-to-FA molar ratio on the FA conver-
sion rate is less clear (from a quantitative point of view), but a
higher content of FA clearly demands a longer reaction time
and catalyst effort to convert most of the FA (Fig. S11 at ESIT).
Under these conditions, the GVL conversion rate drops con-
siderably to lower values due to competition of FA decompo-
sition and GVL (PEAs) hydrogenation at the Pt sites.

Effect of reaction temperature

The effect of the temperature on the conversion rates and
product selectivity is studied in the temperature range between
503 and 543 K in the presence of 2.0Pt/ZSM-5(11). The kinetic
profiles are available in the ESI (Fig. S121t). Since also FA dehy-
drogenation is a zero-order reaction,””®* Arrhenius plots were
derived and are presented for both the observed conversion
rate of GVL and FA in Fig. 5. Lower activities for both FA
decomposition and GVL conversion were observed at the lower
reaction temperatures. The S-shaped kinetic profiles at the
lower temperature suggest again competition with FA
decomposition at the initial stage of the reaction, whereas this
reaction was already complete in case of the high reaction
temperature. After 24 h of reaction, indeed only 60% of FA is
converted at the lowest temperature, yielding 18% PA, while FA
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Fig. 5 Arrhenius plot and activation energy (E,) for the aqueous-phase
hydrogenation of GVL in the presence of FA as a reducing agent over
2.0Pt/ZSM-5(11) at different reaction temperatures, reaction conditions:
Cevt = 1.2 mol L™, Cpa = 2.7 mol L™, Vieactant = 0.05 L, T = 503 K, 523 K
and 543 K, Mcatayyst = 0.8 g, N = 400 rpm and t.caction = 24 h.
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is 100% converted at the highest temperature showing 69% PA
yield. PA yields are approaching the GVL conversions due to
the high PA selectivity (>98%) in all cases.

The observed apparent activation energy (E,) for both FA
dehydrogenation and GVL hydrogenation within the tempera-
ture range of (503 K, 523 K and 543 K) was calculated from the
Arrhenius plots and amounted to 19 and 73 kJ mol ™", respect-
ively. Note that the observed E, value for FA dehydrogenation
is comparable to that earlier reported for FA dehydrogenation
using Pt/C (24.9 k] mol™") at 373 K and 473 K.>® Also, Ojeda
et al.®? calculated the E, of 72 k] mol™* for FA dehydrogenation
in temperature range between 343 K and 383 K using 2 wt% Pt
on y-Al,O3. These reports show the dependence of the E, for
FA dehydrogenation on the applied reaction temperature
range. Hence, our calculated E, for FA dehydrogenation is rela-
tively low (19 kJ mol™") with respect to the other reports.
Surprisingly, there has been no detailed kinetic study or
reported apparent E, values for GVL hydrogenation using FA
or hydrogen as the reducing agent. Only the hydrogenation of
LA to HPA using externally supplied H, has been studied,””
obtaining a value of 46 k] mol~" for the observed apparent acti-
vation energy. However, the value we found is not unexcep-
tional for double bond hydrogenation on Pt sites.®?

In summary, these kinetic data show that FA dehydrogena-
tion and surely the GVL conversion can be stimulated by
working at higher temperature, favoring the overall kinetics of
the cascade reaction. Catalyst stability obviously will be chal-
lenging though in such conditions.

Catalyst stability and reusability

Thermal gravimetric analysis of spent catalyst was measured
and it showed loss of around 5 wt% at a region from 295 K to
350 K, which corresponds to water (Fig. S131). Given no cokes
is found on the spent catalyst, a reusability experiment was
conducted without taking specific steps for catalyst regener-
ation. Catalyst reusability is a prerequisite for heterogeneous
catalysis. Its study is therefore important to understand the
instability, and found solid solutions to that, if possible.
Standard conditions in the presence of 2.0Pt/ZSM-5(11) were
applied in the first catalytic run. The catalyst reusability was
evaluated after catalyst separation, washing and drying. More
details of the procedure can be found in the ESL{ The catalytic
data of the fresh and spent catalyst are compared in Fig. 6.
After the 1% reuse of the catalyst, PA remains the dominant
product with selectivity above 98%. Only a slight decrease in
the GVL conversion from 69 to 57% and PA yield from 68 to
55% was observed after 6 h of reaction. The initial GVL conver-
sion rate, calculated from the kinetic profiles, dropped from
0.0117 molgy, h™" gca * to 0.0087 molgy, h™" gea . We
anticipate that this drop in the catalyst performance is due to
Pt leaching from the catalyst, reducing the loading from 2.0 to
1.7 wt% after 24 h of reaction time (confirmed by elemental
analysis via ICP-OES), as well as to Pt sintering reducing Sp,
from 1.4 m®> g* to 0.4 m* g~ (by H,-chemisorption). In fact,
plotting the rate against Sp, of the re-used catalyst in Fig. 2
indeed shows the expected lowering of the activity due to the
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Fig. 6 GVL conversion (top) and PA yield (bottom) as a function of
reaction time over 2Pt/ZSM-5(11)_Fresh and 2Pt/ZSM-5(11)_After 1
reuse in the aqueous-phase hydrogenation of GVL to PA in the presence
of FA as a reducing agent; reaction conditions: Cgy. = 1.2 mol L™ Cea =
2.7 mol L™, Vieactant = 0.05 L, T = 543 K, Mcatayst = 0.8 g, N = 400 rpm
and treaction = 24 h.

lowering of the Pt surface area. Note that a similar reduction
of metal surface area has been reported for Ru on zeolites,
which were used for the reductive splitting of cellulose and
hemicellulose in hot liquid water.>®
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There is only limited degradation of the zeolite structure, as
demonstrated by the X-ray analysis in Fig. S14 at ESI,T however
the measured acidity density of the spent catalyst dropped sig-
nificantly from 466 to 295 pmol g~'. Changes of the acid
density in this range, as mentioned above (by varying Si/Al
ratio, Fig. 2 and Fig. S7 at ESI}) has no significant impact on
the reaction rate. Reduction in the specific surface area, viz.
from 317 to 234 m” g ', is likely due to partially and local pore
collapsing under the severe utilized hydrothermal conditions,
since the crystalline structure of ZSM-5 was largely preserved.
However, since the extrapolation of the activity, taking into
account the real Pt surface area, viz. open square data point in
Fig. 2, sufficiently explains the deactivation due to reduction of
Pt sites (through leaching and sintering), pore blockage is not
considered a main contributor to catalyst deactivation. There
have been methods demonstrated to avoid Pt leaching and to
install Pt redistribution from the surface of zeolite such as
increasing the hydrophobicity of the zeolite or confinement
effect.®

Pioneering the one-pot conversion of LA to PA

Pioneering the direct LA to PA conversion with FA is the logic
next step. An equimolar reaction mixture of FA and LA is avail-
able through aqueous acid catalytic conversion of carbo-
hydrates, while stoichiometric levels of FA to LA to form PA,
viz. two-to-one (Scheme 3), is readily obtained by partly separ-
ating out LA, to be utilized as end-product or as feedstock for
other chemicals synthesis such as the esters.®> ®® Nevertheless,
the synthesis of PA from LA proceeds through an even more
complex cascade reaction involving reaction types such as
hydrogenation, dehydration and ring-closing/opening. In
detail, the main cascade reaction involves: (1) decomposition
of FA on the active Pt sites to generate H,, (2) LA hydrogen-
ation to HPA on the Pt active sites, followed by (3) dehydration
and ring-closing to GVL on the active acid sites, and finally (4)
GVL conversion to PA through ring-opening reaction on the
active acid sites to PEAs, which subsequently undergoes (5)
hydrogenation on the active Pt site. An overview is presented
in Scheme 3.

N

o] o
\[)r\)LOH 9, \o:\)LOng‘— X F ¥ A, 9 OH
H H
LA 2 HPA GVL PEAs 2 PA

+ f

H0/§° _>O ®+ co,
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O Active Pt Site
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Scheme 3 Proposed scheme for one-pot aqueous-phase conversion of LA to PA in the presence of FA as reducing agent over bifunctional Pt cata-

lyst supported on zeolite.
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Fig. 7 LA and FA conversion (green and red) and GVL (orange) and PA
(blue) yield as a function of reaction time over 2.0Pt/ZSM-5(11) in the
one-pot aqueous-phase conversion of LA to PA in the presence of FA as
a reducing agent; reaction conditions: Ca = 1.0 mol L™, Cpa =
2.7 mol L™, Vieactant = 0.05 L, T = 543 K, Meatayst = 1.6 g, N = 400 rpm
and treaction = 48 h.

In this regard, the one-pot conversion of LA to PA with FA
was tested in presence of 2.0Pt/ZSM-5(11). The reaction pro-
files along with the reaction conditions are presented in Fig. 7.
After 6 h of reaction time, FA was found to be almost comple-
tely converted. The gradual increase in LA conversion with
reaction time is associated with steady increase of GVL and PA
yield. Between 6 and 12 h of reaction time, the GVL yield
remains constant at 50%. At the same time, the yield of PA
gradually increases from 20 to 40%. After 24 h of reaction
time, LA is completely converted, the GVL yield decreased
from 50 to 30%, while the PA yield reached 68%. This product
evolution in time shows that GVL is an intermediate or
primary product in the conversion of LA to PA, while PA is a
secondary product as reflected by the S curve shape. It is
important to mention that no significant amounts of HPA and
PEAs were detected in any samples. This indicates that not
only PEAs to GVL, but also HPA to GVL reactions over the
acidic zeolite should be thermodynamically favorable in our
conditions. In fact, this assumption is supported by the
kinetic observations of Bond et al.’® and Abdelrahman et al.®®
studying the microkinetics of GVL ring opening over silica-
alumina and LA hydrogenation to GVL over Ru/C, respectively.
This equilibrium between GVL and HPA and PEAs has also
been emphasized by Wong et al.®" using aqueous-acidic solu-
tion extending the reaction time to 48 h resulted in a further
increase of PA yield to 75% at the expense of the GVL yield,
dropping to 23%. These results approach the best results of
Kon et al.,*® who showed quantitative LA conversion with a
78% PA and 15% GVL yield, using 5.0 wt% Pt supported on
ZSM-5, but with 0.8 MPa of externally supplied H,, albeit at
lower temperature and shorter reaction time. Obviously, the
number of chemical reactions that can compete on each active
site, i.e., three reactions on the Pt active sites and two reactions
on acid sites, (Scheme 3) can reduce the overall catalyst activity
and may lead to less efficient catalysis. Further optimization is
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currently in progress to obtain more active catalytic systems
with FA as hydrogen donor. The plateau in GVL and PA yield
after prolonged reaction time in our case is not due to H,
shortness since the complete FA conversion delivers sufficient
amount of hydrogen. A similar plateau in PA yield was
observed recently by Luo et al.”®’* for the LA to PA conversion
using external hydrogen in the presence of Ru/H-ZSM-5 cata-
lyst. These authors have attributed this plateau due to catalyst
deactivation by deposition of carbon species on the catalyst
surface, blocking the accessibility to active acid and metal
sites. In addition, previous part shows that Pt/ZSM-5 is not
entirely stable in the reaction conditions, likely hampering the
quantitative formation of PA in our case. In summary, PA for-
mation directly from reaction of LA with FA is possible, but
gradual addition of FA (for kinetic and stability reasons) to
supply sufficient hydrogen into the system (for yield reasons)
is suggested, while catalyst stabilization is a crucial point of
concern requiring additional future research.

Conclusions

Bifunctional catalysis comprising of Pt and Brensted acidic
zeolites enables the conversion of GVL (and LA) to PA by using
FA as a sustainable and available reducing agent in aqueous
conditions. Pt serves a dual role as both FA decomposition to
generate H, as well as it enables the hydrogenation of the
intermediate PEAs. A strong acid is required to assist ring-
opening of GVL to form intermediate PEAs. Note that at these
harsh hydrothermal conditions, PEAs ring closure to GVL is
favorable, while the presence of H, generated from FA shift the
reaction equilibrium towards PA due to hydrogenation.
Especially the reaction rate gains from an optimal balance
of the catalytic system. A metal surface area as high as poss-
ible, provides the most active catalyst for fast FA decompo-
sition to generate H, for hydrogenation reaction. This hydro-
genation, usually very fast, is retarded by competition with FA
decomposition, as well as by self-poisoning due to strong
adsorption of side products, likely CO. Therefore, gradual
addition of FA will be helpful to improve the catalytic results,
while metal catalyst development should search for catalysts
that are insensitive to such poisoners. Acidity is required to
rapidly set in the equilibrium between GVL and PEAs, but only
small amounts of a strong acid are required. The existence of
such equilibrium reaction within the cascade is very useful to
achieve high selectivity as a result of low reactive intermediate
concentrations. Only strong acidic sites like the ones in zeo-
lites work efficiently, and therefore most hot liquid water-
stable zeolite structures such as ZSM-5 are required. Pore
blockage is not a main contributor to catalyst deactivation,
while there is no organic cokes on a spent catalyst. However,
future work should focus on stabilization efforts to better
protect ZSM-5 from destruction in the hot liquid water, mainly
to prevent undesired metal leaching and metal sintering.
Some loss of acidity is not a large issue since the acidity is not
rate determining (in our applied conditions). Furthermore, a
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detailed microkinetics study including the in situ hydrogen for-
mation is required to foresee better quantifications of the kine-
tics (and its constants) and therefore will create more insight
in the underlying mechanism. This may construct an efficient
tool to maximize the catalytic output of the system in terms of
PA productivity by understanding and design. It will also help
optimizing the direct conversion of LA to PA. Despite the
higher complexity in the cascade, this work proves industrially
relevant PA can also be formed by reacting LA with FA using
similar bifunctional catalytic concepts.
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