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ARTICLE INFO ABSTRACT

Keywords: The study examines Ni/ZSM-5 catalysts in vapor phase hydrogenation of levulinic acid (LA) under continuous
Property-activity relationship flow conditions (ambient pressure, 210-250 °C). Advanced characterization revealed the interplay between Al
Ni/ZSM-5

and Ni. This was further reinforced by new approach of microkinetic modeling, which demonstrates a pioneering
work on mathematical description of pulse Hs sorption, TPD kinetics, DRIFT-supported determination of sorption
energy barriers and (de)sorption kinetics. The Ni/ZSM-5 (3.7 wt.% Ni, Si/Al = 28) emerged as the optimal choice
for obtaining y-valerolactone (GVL) as the desired product. Al-rich catalysts with high acid site amounts and low
metallic Ni active site concentrations favored esterification, reducing hydrogenation activity, and impeding
further hydrogenation of GVL to pentanoic/valeric acid (PA). To enhance PA formation, Ni/ZSM-5 (4 wt.% Ni,
Si/Al = 750) with a high Si/Al ratio, was identified as crucial. The combination of described experiments and
modelling is demonstrated beneficial for insightful investigation of the structure-activity relationship of Ni/ZSM-

Levulinic acid vapor-phase hydrogenation
Microkinetic modeling
Product distribution

5 or any other mono/bi-functional catalysts.

1. Introduction

The current environmental crisis is contributed mainly by the
massive CO, emissions associated with heavy reliance on fossil re-
sources. Biomass conversion was identified as one of the solutions to
shift away from non-renewable energy resources owing to the ubiquity
of lignocellulosic biomass, which can be utilized as a supplementary
feedstock [1,2]. Moreover, non-edible lignocellulose, e.g., agricultural
and forestry residues are renewable, and abundant, making it a highly
attractive carbon source for chemical industries [3-5]. Over the last few
decades, there have been numerous studies on the transformation of
lignocellulose into commodity chemicals, i.e., levulinic acid, formic acid
and furfural [6-8]. Among these, the acid-catalyzed hydrolysis produc-
ing levulinic acid (LA) as the main product has been established
commercially to meet the rising demand for this versatile compound
with an estimated compound annual growth rate of 12.55 % in

2022-2027 period [9,10]. LA can be found in various industrial sectors
as reported in [11]. Furthermore, LA can also be converted into
y-valerolactone (GVL), pentanoic/valeric acid (PA) as well as penta-
noate/valerate esters. These compounds are known precursors to the
valeric biofuels family [12,13], which is a sustainable supplement for
the current fossil-based fuel supplies. Thus, the transformation of LA into
GVL and PA has been extensively studied [14-16]. Several studies
emphasized on employing continuous flow setup [17-21], which is
considered one of the technologies that can make significant difference
towards sustainable production [22].

The conversion of LA can be carried out using different catalytic
processes [23-27]. However, heterogeneous catalysis is exclusively
discussed in this study. It is widely accepted that the hydrogenation of
LA undergoes a multi-step reaction including hydrogenation and dehy-
dration, illustrated in Scheme 1 [28]. Consequently, the catalysts for this
reaction require both metallic and acidic functionalities [14]. In
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addition to the state-of-art catalyst, Ru supported on activated carbon
[29], there are numerous catalytic systems which have been investi-
gated: precious metals (Pt, Ru) [17,23,30,31], transition metals (Ni, Cu)
[16,32-34] or multi-component catalysts [21,34-36]. Among these, Ni
supported on ZSM-5 zeolites show great potential for LA hydrogenation
[37]. Despite numerous advantages of the bifunctional Ni/ZSM-5, an
effective, robust and cheap catalyst with great abundance in acidic sites,
there are only few studies carried out using Ni/ZSM-5 catalytic systems
for the hydrogenation of LA, and a limited number that used fixed-bed
reactor [38-41]. Moreover, Ni/ZSM-5 exhibited excellent stability
without considerable changes even after 3 reaction cycles at 320 °C for
4 h [39]. The reaction pathway via angelica lactone (AL) seems domi-
nant in vapor phase with respect to that via 4-hydroxypentanoic acid
(HPA) regardless of the reaction conditions (T > 240 °C, atmospheric
pressure) and choice of solvents, i.e., water, ethanol or solvent-free. The
hydrogenation activity was found strongly dependent on the number of
available Ni sites, which might decrease due to sintering or aggregation
[38,39]. Regarding the influence of acidic properties of ZSM-5 supports,
it is not trivial to identify the roles of each type, i.e., Brgnsted and Lewis
acid sites (BAS and LAS, respectively) in the conversion of LA to GVL,
which are both relevant for high GVL selectivity. On the other hand, the
strong BAS of ZSM-5, with respect to SiO, and Al,O3 [38], are beneficial
for the ring-opening of GVL forming PA. It is evidenced that the hy-
drogenation of LA is sensitive to both metallic and acidic catalytic
functionality, which can be regulated to steer selectivity. For example,
the modification of Ni supported ZSM-5 catalyst with W leads to a
considerably boosted PA selectivity, from 28 % to 65 %, as well as a
higher LA conversion (40 % vs. 28 %) in comparison with unmodified
counterpart under identical conditions (10 % LA aqueous solution,
270 °C and ambient pressure). The higher catalytic performance is
attributed to the tungsten induced strengthening of BAS [41]. Further-
more, the acidic properties of ZSM-5 zeolites can also be tailored in a
post treatment method by ion exchange with alkaline cations, e.g., po-
tassium (K) [40], or following a bottom-up approach via varying the
molar ratio of Si to Al precursors during synthesis. The vapor-phase
hydrogenation of LA has several advantages over the liquid-phase, as
it omits the issues caused by the poor solubility of hydrogen in solvents
and additional mass transfer resistance, both resulting in lower avail-
ability of hydrogen on the catalyst surface.

The focus of this study was to investigate the property-activity
relationship of Ni/ZSM-5 catalysts in the vapor-phase hydrogenation
of LA. The obtained findings could be used to tailor product distribution
towards desired product. We introduce a new approach combining
experimental and kinetic investigation for the vapor-phase hydrogena-
tion of LA with iso-propanol (IPA) in a fixed-bed reactor under moderate
temperatures (210-250 °C) and ambient pressure. The ZSM-5 supports
with various molar ratio of Si to Al (ngi/na)) were prepared using a
“green” organic-template free method in attempt to maximize the sus-
tainability of the whole process. This study is a continuation of our
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previous work examining the close correlation between nickel and
framework Al in ZSM-5 in a quantitative manner using X-ray absorption
spectroscopy supplemented with XRD, TEM and NMR [37]. Addition-
ally, the study served as a demonstration of new methodology for
determining relevant parameters of adsorption and desorption kinetics,
obtained by quantitative modelling and regression analysis of experi-
mental results from pulse chemisorption, temperature programmed
desorption and diffuse reflectance infrared Fourier transform spectros-
copy. These parameters were further incorporated in the microkinetic
model, where surface kinetics was also determined by simultaneous
regression analysis of all catalytic performance results measured for
each catalyst type.

2. Experimental
2.1. Synthesis of bifunctional Ni/ZSM-5 catalysts

The H't-form zeolites (ZSM-5) with different Si to Al ratios (13, 21
and 28) were synthesized using a green template-free method followed
by NHj ion exchange and subsequent thermal treatment as reported in
[37,42]. Nickel was deposited by incipient wetness impregnation. A
predetermined quantity of Ni precursor (Ni(NOg3)»-6H20, Sigma Aldrich,
99.999 %) was dissolved in 1 mL of deionized water. The aqueous so-
lutions of Ni salts were added dropwise to preheated H-ZSM-5 (at 60 °C
for 15 min) and ground well. The obtained solids were dried over night
at room temperature (RT) and were further calcined in air at 500 °C for
2 h. The obtained catalysts are referred to as xNi/ZSM-5-y with x and y
representing Ni content (wt.%) and Si to Al molar ratios, respectively.

Additionally, ZSM-5-750, purchased from Tosoh Company, was
employed as a Si rich ZSM-5 to extend the spectrum of Si to Al ratios
investigated. The synthesis procedure of Ni/ZSM-5-750 is similar to the
one mentioned by Kostyniuk et al. [43].

2.2. Catalyst characterization

The structural properties were characterized by a PANalytical X’ Pert
PRO MPD X-ray diffractometer (CuKy; = 0.154 nm). The powder X-ray
diffraction patterns were recorded at room temperature in the 26 range
from 5 to 70° with 0.034° increments.

N, sorption isotherms were recorded on a Quantachrome Autosorb
iQ3 gas sorption analyzer at 77 K. Prior to the measurements, the
samples were evacuated at 250 °C under vacuum for 10 h. The specific
surface area (Aggr) and specific total pore volume (Vp) were determined
using the Brunauer-Emmett-Teller (BET) model and single point (p/po
= 0.97) method, respectively.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was conducted on a Perkin Elmer Frontier spectrometer
equipped with a MCT detector and a DiffusIR cell from Pike Scientific.
Prior to the saturation with pyridine, the samples were degassed at
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Scheme 1. Reaction pathways for conversion of LA into y-valerolactone and pentanoic acid.
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250 °C under N5 flow (50 mL min 1) for 1 h. The sample was cooled to
80 °C, at which the pyridine saturation was carried out by flushing the
samples with a Ny flow (50 mL min 1) through a saturator filled with
liquid pyridine for 30 min. The physisorbed pyridine was then removed
under a N, flow of 50 mL-min~! at 80 °C for 2 h. The spectra were
recorded in the wavenumber range from 500 to 4000 cm™! with a
spectral resolution of 2 cm™!. The IR bands centered at 1554 cm ! and
1445 ¢cm~! are ascribed to Brgnsted (BAS) and Lewis acid sites (LAS),
respectively. The ratio of BAS-to-LAS (npas/nias) was calculated using
the intensity ratio of these two bands.

Temperature-programmed reduction with Hy (Hz-TPR) was per-
formed with a Micromeritics AutoChem II Chemisorption Analyser
(Micromeritics, USA). 100 mg of the sample was inserted into a U-
shaped quartz tube and degassed at 300 °C under argon (50 mL-min~ %)
for 30 min. Subsequently, to carry out the reduction of the samples, the
gas flow was switched to 5 vol% Hy/Ar mixture (40 mL min ) and
heated at a constant heating rate of 10 K-min~! from RT to 900 °C.
Hydrogen consumption was determined using a TCD detector and cali-
brated using Ag20. Based on Ni content and the Hy consumption of each
sample, the corresponding relative amount of Ni?* reduced under
identical conditions of Hp-TPR measurements was determined, assuming
that the Hy-to-Ni stoichiometry is 1.

Temperature programmed desorption of NHs (NH3-TPD) and pulse
Hj chemisorption- TPD were carried out using a AutoChem II Chemi-
sorption Analyser (Micromeritics, USA). The desorbed gases were
analyzed by a GSD 301 T3 Thermostar Mass Spectrometer. Similarly,
the samples were degassed under the same conditions as prior to the Ho-
TPR experiments. In a typical NHs-TPD measurement, the samples were
exposed to 40 mL min~! of ammonia (10 vol% NHj in He, 60 °C, 1 h)
which was then switched to He (40 mLmin ') to carry out the
desorption experiments by heating the sample from 60 °C to 600 °C with
a heating rate of 10 K min~!. The amount of desorbed NH; was quan-
tified using the MS fragment m/z = 15 and calibrated using 6 successive
pulses of 1 mL of 10 vol% NHj in He. Based on the temperature at
maximum NHgs desorption (Tqes), the acid sites were classified into
strong (Tges > 450 °C), moderate (230 °C < Tges < 450 °C) and weak
(Taes < 230 °C) [27].

The pulse Hy chemisorption-TPD experiments were performed after
sample reduction and degassing. The samples were cooled to 0 °C and
saturated with 18 pulses (V = 1 mL) of 5 vol% Hj in Ar (15 mL minfl),
which was then switched to Ar (15 mL min™') for desorption while
increasing temperature to 500 °C. The MS fragment m/z = 2 was used to
quantify the amount of desorbed Hy.

The Ni K-edge XANES (X-ray Absorption Near Edge Structure) and
EXAFS (Extended X-ray Absorption Fine Structure) spectra of the Ni/
ZSM-5 catalysts were measured at XAFS beamline of Elettra synchro-
tron Trieste in transmission detection mode at room temperature. The
homogeneous pellets of samples were employed to obtain the optimal
total absorption thickness of about 2 above the investigated absorption
edge. The recorded EXAFS spectra were fitted using a combined FEFF
model that contained all scattering paths used in the fit of the crystalline
NiO, in which the relative coordination shell numbers N, of each shell
were also allowed to vary, and scattering paths of O and Si neighbors
found in case of Ni2" cations attached to the zeolite framework via Ni-O-
Si bridges [44]. Spectral deconvolution and fitting enabled the quanti-
fication of the two Ni-containing species for all the samples, namely
bulk-like NiO oxides and Ni** attached to the ZSM-5 framework, also
called as extra framework Ni%t [34]. More details of the quantification
of the relative amount of NiO nanoparticles (%NiO) can be found in
[37].

The amount of NiO (nyjo in mmol g’l) was calculated based on total
Ni content in the sample (wNi in wt.%), molar mass of Ni (My;) and the
relative amount of NiO (%NiO), in particular as nyjo = WNi-%NiO-
My ™

Scanning transmission electron microscopy (STEM) analysis was
carried out on a Cs probe-corrected TEM/STEM Jeol ARM 200 CF

Chemical Engineering Journal 495 (2024) 153456

microscope coupled with a cold-FEG electron source at 80 kV. A Jeol
Centurio 100 mm? Energy dispersive X-ray spectrometer (EDXS) was
used for elemental analyses and mapping in scanning-transmission
mode (STEM). The powdered samples were dispersed in ethanol, dried
under ambient conditions and subsequently placed on a copper lacy-
carbon coated TEM grid prior to analysis.

Scanning electron microscopy — energy dispersive X-ray (SEM-EDX)
spectra were recorded on a Zeiss Supra 35 VP microscope (acceleration
voltage 20 kV) equipped with a 100 mm? silicon drifted detector (SDD).
The elemental content was determined using the INCA software.

2.3. Catalytic hydrogenation of levulinic acid in iso-Propanol (IPA)

The catalytic conversion of LA was carried out in a fixed-bed reactor
Microactivity Reference reactor from PID Eng&Tech.

The catalysts were packed into the tubular reactor (inner diameter =
9 mm, length = 305 mm). Typically, 100 mg of catalyst was diluted
with 100 mg of glass beads (both having particle size < 100 pm) and
sandwiched by quartz wool plugs. The average length of catalyst bed
was 5.5 mm. The reactor was heated and kept at 400 °C under a N5 flow
(30 ml-min~') for 1 h. The gas stream was then switched to Hs (30
ml-min~!) while holding at 400 °C. The catalyst reduction was per-
formed for 2 h, after which the reactor was cooled down and kept at
designated reaction temperature. The reaction mixture, i.e., 1 wt% of
levulinic acid in iso-propanol solvent (IPA), was fed at a flow rate of 0.03
g-min~! into the reactor using a Gilson HPLC pump. The liquid and H,
streams merged and passed a 6-port valve into the tubular reactor. The
tubular reactor and all the lines were hosted in a hot box and kept at
170 °C to prevent condensation. The gas mixture leaving the reactor was
cooled to 0 °C in the liquid-gas condenser/separator. The gas products
were analyzed by a micro GC Fusion (Inficon), which is connected at the
output of the liquid-gas separator. No carbon containing gas product
was detected. The liquid products were collected every hour after
reaching the reaction steady state (typically 120 min) and analyzed by a
GC-MS (Shimadzu, QP 2010) using a ZebronTM ZB-5MSi capillary
column (60 m x 0.25 mm x 0.25 pm). The concentrations of the liquid
reaction products were determined using calibration curves of com-
mercial LA (97 %, Sigma-Aldrich), GVL (99 %, Sigma-Aldrich), AL (98
%, Sigma-Aldrich), PA (99 %-Sigma-Aldrich) and self-prepared PL and
PP via external calibration technique. The relative errors of measured
LA, GVL, AL and PL concentrations were below 5 %. The LA conversion,
GVL, AL and PL yields were calculated as follow:

Xy = ain ZThAou o 0004 6))
TNyAin
Ngvr,
Yo = ¢ 100% (2
NyAin
Nap,
YAL = ¢ 100% (3)
NiAin
Tp,
Yo = ¢ 100% 4
NyAin
Tpp
YPA = ¢ 100% (5)
NAin
Tpp
Ypp = ¢ 100% (6)
NyAin

with nya in and npa oy refer to the input and output molar amount of LA.
ngyr, Nap and npy, are the molar amounts of GVL, AL and PL, respectively,
in the product mixtures.

2.4. Microkinetic model

The microkinetic model portrays the concentration of gas phase and
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coverage of the catalyst’s active sites as a function of time and catalyst
bed length. The model was adjusted to both the temperature pro-
grammed and isothermal catalytic tests, where the main difference was
the parameters, which were obtained during the regression analysis. The
model for temperature programmed experiments considered axial con-
vection in the void volume of the catalyst bed and adsorption and
desorption kinetics, while the model for catalytic tests, besides the
mentioned phenomena, also included surface reactions.

The rate of adsorption (rjads) for adsorbate j at any time or axial co-
ordinate increment, which depends on the adsorption rate constant
(kjads), the concentration of the adsorbing compound in the gas phase (C;)
and the fraction of the available vacant sites on the surface (0ys), were
calculated with Equation Eq. 1.

P = K% 0 G o s &

The rate of desorption (rjies) for the j-th compound depends on the
desorption rate constant (kjdes) and the corresponding surface coverage
(Eq. (2)).

ries = ki® o 6 @

The surface reaction rate (rf“rf) for the reaction i depends on the reaction
rate constant (k{"'f) and the reactant(s) coverage (6;) for the i-th reaction
(Eq. (3)).

rsiurf _ kfurf ° ngl 3)

€i

A reaction can also occur between reactants adsorbed on two different
types of active sites. If such, the rate Eq. 3 becomes a rate Eq. (4).

rsiurf — kisurf ° ejl ° 9j2 (4)

Desorption and reaction rate constants were expressed as temperature
dependent constants according to the Arrhenius law. Activation energy
for the desorption (Ea?es) reaction was determined with non-isothermal
TPD experiments for hydrogen and DRIFTS experiments for ethyl levu-
linate (EL) and IPA, while activation energy for reactions (ES™) were
determined from isothermal reaction experiments, conducted at
different temperatures. Desorption constant (kj‘-ies) was calculated with
Eq. (5), while reaction rate constant was calculated with Eq. (6).

—— Eal® 1 1
surf
k?“’f(T) — kisurf(Tref) ® €Xp <E‘;l{ ¢ (Tie - %> > ”

Trefis the temperature, at which the activation energy for desorption and
reaction were determined. If required, the pre-exponential factor (AP
is calculated with Eq. (7).

. . Ea?
AT = | (Treg) @ €Xp N .’Tref )
Molar balances for gas concentrations (C;) are the sum of convective (v,
represents linear velocity of fluid) and diffusive flux (DJ§3 represents
effective diffusion of the compound j) in the axial direction (2), as well as
adsorption and desorption rates. Desorption rate is multiplied with the
volume of the gas phase (VC is the void volume in the bed) and divided
by the total amount of the surface sites available in the bed (nrg). The
flux in radial direction was neglected, due to the high porosity of the
bed, comprising small particles, which acted as static mixers and thus
ensured uniform gas concentration in the radial dimension (Eq. (7).
aG 9 aC;

e ds es _ TlTS
E—‘&{VZ'CJ"DJ'E}"? e ®)
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In case of non-isothermal TPD experiments, the catalyst bed length was
much shorter than in catalytic experiments, and thus the diffusive flux
term was omitted (Eq. (8)).

dC; 0 nrs

T TGl nt et ©
The total amount of acid or metal active sites was calculated with sur-
face sites density (gor) and the mass of the catalysts loaded in the reactor
(Eq. (9)).

Nts = Qior ® Meat (10)

The void volume (V) depends on catalyst bed porosity (a) and the
volume (V) of the reactor, where the catalyst is embedded (Eq. (10)).

Ve=aeV an

Linear velocity (v;) in the catalytic bed depends on the set volumetric
flow rate (V) at ambient temperature (Ta), tube cross-sectional area,
temperature in the reactor (T) and bed porosity (Eq. (11)).

4oV (T
= o (—
aerxeD? TAT

vi(T) ) 12

The balance for surface coverages is presented in Eq. (12), where
adsorption, desorption and surface reactions dictate the coverage frac-
tion at each t and z for compound j.

aej ads VG e !

—=rPe gy L 13
T T2 s
The balance for vacant sites considers all adsorption and desorption

rates and surface reaction rates with non-stochiometric reactions
regarding reactants consumed and products formed (Eq. (13)).

%: - XI:r‘I‘dSoﬁ-i- i:r@esiir.s“rf a4
at 7 J Nrg I J 7 !

According to the molar balances of the components in the gas phase and
on the catalyst surface, a system of partial differential equations (PDE)
was designed at every increment of the fixed bed length (z from 0 to Z)
and at any time increment (¢t from O to tepq). To solve the formulated
system numerically, a MATLAB 2021b software was used. To speed up
the regression and reduce the computational time, the PDE equations
were modified into a system of ordinary differential equations (ODE).
The concentration and surface coverage of each species at each z posi-
tion were solved as a function of time with ODE 15 s solver, based on
numerical differentiation formulas (NDF).

To be exact, 16 PDEs (8 for gas phase concentrations and 8 for sur-
face coverages) were transferred into 1600 ODE:s to calculate their value
at 100 z locations {z | 0 < z < L} all over the catalyst bed for each time
increment until the steady state (LA — reaction test) or complete
desorption (TPD-Hy and ethyl levulinate (EL) or isopropanol (IPA)
DRIFTS test) was accomplished. For all modelled experiments, the same
algorithm was used, but with minor adjustments to the boundary con-
ditions. The LA-reaction test was conducted with initial reactant con-
centration at the inlet of the fixed bed. The simulation was stopped, once
the steady state was reached. Pulse Hy chemisorption-TPD was per-
formed with non-steady state boundary condition at the inlet with
varying Hy concentration. Also, the temperature was increased with a
constant temperature ramp in the last part of the simulation, where
desorption of Hj took place. DRIFTS experiments were similar to pulse
TPD experiment. The main difference between pulse TPD and DRIFTS
simulation was the initial surface coverage fraction. Pulse TPD’s surface
coverage fraction was O at the beginning, while DRIFTS surface coverage
fraction was 1, due to the different experimental procedures. The frac-
tional coverage of the ethyllevulinate (EL) and isopropanol (IPA) was
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estimated through temperature programmed desorption experiment
carried out in the Spectrum1 FTIR spectrometer equipped with a reac-
tion cell DiffusIR by Pike Scientific. The powdered samples were satu-
rated overnight by EL or IPA vapors inside a laboratory drier at 60 °C.
During the temperature programmed run, the sample was heated in
argon flow from room temperature to 350 °C with a 10 °C ramp. The
spectra were recorded using a LNy cooled MCT detector between 800
and 4000 cm ™! with spectral resolution of 1 ecm ™! and 16 accumulations
per scan. Intensity of the C-O and C-H stretching bands at 1724 and
2984 cm™! was followed to attain the temperature dependent coverage
of EL and IPA, respectively.

During the regression analysis, activation energies and reaction rate
constants at the reference temperature were determined. With the use of
Nelder-Mead algorithm, the objective function was minimized, while
the Levenberg-Marquardt algorithm was used for the determination of
95 % confidence intervals.

Chemical Engineering Journal 495 (2024) 153456

specific pore volume of ca. 0.2 cm?.g ! irrespective of Al and Ni content.
This is in good agreement with our previous study on Ni/ZSM-5 catalysts
[37] confirming that the variation of Al content up to 2.5 wt.% and the
introduction of Ni up to 4.4 wt.% have marginal influence in both the
structural and textural of the obtained materials.

The acidic properties of the bifunctional Ni/ZSM-5 catalysts were
examined by NH3-TPD. In general, the recorded profiles of all catalysts
feature two main groups of acid sites depending on the temperature at
which the most intense desorption of NH3 was detected (Tges). In
particular, there are strong (Tges &~ 400 °C) and weak acid sites (Tges =
200 °C) (Fig. 1). Within the Ni/ZSM-5-21 series (Fig. 1, left), all NHs-
TPD profiles depict a 55 % of weak and 45 % of strong acid sites. The
0.8Ni/ZSM-5-21 displays slightly stronger acid sites as suggested by a
shift to higher temperature of the strong acid sites peak. Nevertheless,
the acid site density (ASD) of ca. 1.5 mmol~g’1 was recorded for most of
Ni/ZSM-5-21 catalysts (Table 1), except for 4.4Ni/ZSM-5-21 exhibiting

I 2
surf des 7.ads g.surf 7.des )| __ measured calculated surf des 7.ads g.surf j.des
f(Eai ,Eq; vkj K 7kj )—E (Cj -G (Eai Eq; 7kj K 7kj )) (15)
J

3. Results and discussion
3.1. Catalyst characterization

The synthesized catalysts and their elemental compositions are listed
in Table 1, which can be categorized into two groups, i.e., variable Ni
content (from 0.8 to 4.4 wt%) on the same support ZSM-5-21 (ng;/na; =
21) and secondly, ca. 3.5 wt% Ni on ZSM-5 supports with various ng;/na;
(from 13 to 750). Irrespective of Al and Ni content, all catalysts exhibit
highly crystalline MFI-type structure as evidenced in XRD patterns
(Fig. S1) displaying sharp reflections at 26 of 7.9°, 8.9°, 23.0° and 23.8°
characteristic for (011), (200), (051) and (033) planes of ZSM-5 zeo-
lites. Additionally, a diffraction reflex at 26 of 43.3° corresponding to
(200) plane of NiO (PDF#01-089-5881), is observed for all of the Ni/
ZSM-5 catalysts, except for the 0.8Ni/ZSM-5-21 catalyst due to the
low Ni content and small crystal size that is below the detection limit of
XRD [37]. Based on this reflection, the crystallite size of NiO was
calculated using Scherrer equation. While 4.0Ni/ZSM-5-750 exhibits
large NiO crystallites (ca. 46 nm), a smaller crystallite size is recorded
for other Ni/ZSM-5 catalysts (ca. 20-23 nm). With respect to the textural
properties, all the Ni/ZSM-5 catalysts exhibit similar isotherms, which
can be categorized as type I, typical for the highly microporous ZSM-5
zeolites [45], with a small fraction of mesopores as deducted from the
H4 hysteresis loop, Fig. S2. Consequently, the porous structure is anal-
ogous for all catalysts with a specific surface area of ca. 400 m?-g ' and a

Table 1

a slightly higher ASD (1.6 mmol-g™!), probably due to the highest Ni
content, which might provide additional Lewis acid sites [43]. Never-
theless, these findings suggest the acidic properties for Ni/ZSM-5-21
catalysts are similar, irrespective of Ni content and thus the influence
of Ni on the acidity of ZSM-5-21 catalysts is marginal.

In contrast, the variation of Si to Al ratio of the Ni/ZSM-5 catalysts
considerably altered its acidity (Table 1). In particular, a drop in ASD
from 2.4 to 0.2 mmol-g~! was recorded for Ni/ZSM-5 catalysts when
raising the Si/Al ratio up to 750. Owing to the lowest Si/Al ratio, 3.5Ni/
ZSM-5-13 exhibits considerably higher ASD and consequently broader
distribution of acid sites compared to the other two catalysts (3.4Ni/
ZSM-5-21 and 3.7Ni/ZSM-5-28) as deduced by the shape of the NHs-
TPD profiles (Fig. 1, right). In addition to two main groups including the
weak (Tges < 230 °C) and strong (230 °C < Tqes < 450 °C) acid sites that
were recorded for all the Ni/ZSM-5 catalysts, a group of acid sites with
Tges > 450 °C was recorded for 3.5Ni/ZSM-5-13 (Table S1). As expected,
the increase in Si/Al ratio leads to a loss in the number of strong acid
sites from 0.31 to 0.02 mmol-g~'. The ratios of weak acid sites to the
strong acid sites were found to be 1.7, 1.2, and 1.1; a decreasing trend
with increasing Si/Al ratio. This trend agrees well with the DRIFTS re-
sults of pyridine adsorption analysis (Fig. S3) and suggests an incom-
plete incorporation of Al into ZSM-5 framework resulting in the
formation of extra framework Al (EFAIl), which acts as weak acid sites/
LAS. Indeed, more EFAI, also known as octahedral Al, was observed for
Al rich ZSM-5 in a previous study [37].

The chemical environment of Ni was evaluated by X-ray absorption
spectroscopy (XAS). Previously, by combining a handful of advanced
techniques (XANES, EXAFS, TEM, AI-NMR and XRD), it was proven that

Elemental content (wNi and wAl), Ni crystal size (nm) Si to Al molar ratio (ngi/na;), specific surface area (Aggr), specific pore volume (Vp) and acid site density (ASD) of

the Ni/ZSM-5 catalysts.

Catalysts wNi?/wt.% Ni crystal size®/nm wAIP/wt.% ng;/nj; Aggr/m2.g ! Vp/cm3.g~! ASD/mmol-g !
0.8Ni/ZSM-5-21 0.8 +0.1 n.d. 1.8+0.1 21 405 0.20 1.5
1.6Ni/ZSM-5-21 1.6 £ 0.1 n.d. 1.6 £0.1 21 443 0.20 1.5
3.4Ni/ZSM-5-21 3.4+0.2 21 1.6 £0.1 21 425 0.20 1.5
4.4Ni/ZSM-5-21 44+0.2 23 1.7 £0.1 21 375 0.19 1.6
3.5Ni/ZSM-5-13 3.5+0.1 22 25+0.1 13 441 0.22 2.4
3.7Ni/ZSM-5-28 3.7+0.3 20 1.2+0.2 28 410 0.20 1.2
4.0Ni/ZSM-5-750¢ 4.0+0.3 46 n.d. 750% 380 0.19 0.2

2SEM-EDX; “XRD; “NH3-TPD; n.d.: not determined; dcommercial support; *provided by Tosoh Co., Japan.
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Fig. 1. NH3-TPD profiles of Ni catalysts (wNi = 0.8-4.4 wt.%) supported on ZSM-5-21 (left) and ca. 3.5 wt.%Ni on various ZSM-5 zeolites (right), i.e., 3.5Ni/ZSM-5-
13 (black), 3.4Ni/ZSM-5-21 (red), 3.7Ni/ZSM-5-28 (blue) and 4.0Ni/ZSM-5-750 (green).

Table 2

Ni content, relative amount of crystalline NiO and extra framework Ni?* cations (EFNi), number of NiO (ny;o), H consumption and relative amount of reduced Ni

species below 700 °C of the bifunctional Ni/ZSM-5 catalysts.

%Reduced Ni%*
(T < 700 °C)¢

nfio/mmol-g ! H, consumption®/mmol-g~*

Catalysts wNi?/wt.% %Ni0" %EFNi®

3.7Ni/ZSM-5-28 3.7+0.3 71% + 5% 29% + 5%
3.5Ni/ZSM-5-13 3.5+0.2 41 % +5% 59% + 5%
3.4Ni/ZSM-5-21 3.4+0.2 72% + 5% 28% £ 5%

4.4Ni/ZSM-5-21 4.4+0.2 n.d. n.d.

1.6Ni/ZSM-5-21 1.6 +0.1 75% 5% 25% 5%
0.8Ni/ZSM-5-21 0.8 +0.1 73% 5% 27 % 5%
4.0Ni/ZSM-5-750 4.0 £0.3 n.d. n.d.

0.448 0.64 >99 %
0.245 0.32 54 %
0.417 0.36 61 %
n.d. 0.37 49 %
0.204 n.d. n.d.
0.100 n.d. n.d.
n.d. 0.70 >99 %

3SEM-EDX; PEXAFS [37]; “nnio = WNi-%NiO- (M) '; YHy-TPR; n.d.: not determined.
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Fig. 2. H,-TPR profiles of Ni supported on ZSM-5 zeolites with different Si to Al

molar ratios (3.5Ni/ZSM-5-13, 3.4Ni/ZSM-5-21, 3.7Ni/ZSM-5-28 and 4.0Ni/

ZSM-5-750). The red shaded area highlights the reduction temperature range
(RT - 400° C) prior to the catalytic experiments.

in the as synthesized catalysts, Ni is present as crystalline NiO and Ni%*
attached to zeolite framework acting as charge compensating cations,
which can be referred to as extra framework Ni%* cations (EFNi) [37].

The introduced Ni species are first seated as EFNi and then NiO.
Thus, the number of NiO is inversely proportional to Al content of ZSM-5
zeolites provided a similar Ni content. In particular, at a ca. 3.5 wt.% Ni,
3.5Ni/ZSM-5-13 exhibits a considerably lower amount of NiO (0.245

mmol g~ 1), while it is higher for 3.4Ni/ZSM-5-21 and 3.7Ni/ZSM-5-28,
i.e., 0.417 and 0.448 mmol-g~?, respectively (Table 2).

The reducibility of Ni-containing species was further investigated by
temperature-programmed reduction with Hy (Hy-TPR) and shown in
Fig. 2. The overall shape of the TPR curves suggest that the morphology
of NiO species differs among samples owing to Ni content and Al
composition. Under identical conditions the majority of Ni** was
reduced below 500 °C except for 3.5Ni/ZSM-5-13, which exhibits a
small Hj uptake at temperature above 550 °C. This could be associated
with the abundance of framework Al in 3.5Ni/ZSM-5-13, which gives
rise to the number of EFNi characterized by a higher reduction tem-
perature in comparison to NiO [46,47]. Hy consumption and relative
amount of Ni2" reduced were calculated and displayed in Table 2. The
obtained results suggest higher Hy consumption, corresponding better
Ni reducibility, for 4.0Ni/ZSM-5-750 and 3.7Ni/ZSM-5-28, which were
completely reduced, whereas only a partial reduction was recorded for
others under the same conditions.

The morphology of 3.7Ni/ZSM-5-28 and 4.0Ni/ZSM-5-750 was
characterized by STEM. In good agreement with the XAS results, the
introduced Ni®" are present mainly as NiO nanoparticles for 3.7Ni/ZSM-
5-28 and 4.0Ni/ZSM-5-750 as shown in Fig. 3. Moreover, while NiO
nanoparticles are evenly distributed on the surface of 4.0Ni/ZSM-5-750,
they are visible in large clusters in the case of 3.7Ni/ZSM-5-28.

3.2. Vapor-phase hydrogenation of levulinic acid: a micokinetic study

The hydrogenation microkinetics of LA were investigated over a
series of Ni/ZSM-5 catalysts. Scheme 2 shows the possible reaction
pathways, where the color of each compound is the same as in the plot
lines in the concentration profile line over the length of the catalytic bed.

In addition to GVL, the observation of PA, PL and PP confirms further
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Fig. 3. HAADF-STEM micrographs and EDX elemental mapping including Ni (green), Si (red), O (blue) and overlaid image of 3.7Ni/ZSM-5-28 and 4.0Ni/ZSM-5-750.
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hydrogenation and competitive acid-catalyzed esterification between
solvent IPA and LA as well as IPA and PA as shown in Scheme 2. It is
worth noting that the carbon mass balance of all experiments is above
93 %. The catalytic activity of all experiments is shown in Table S3.
To gain insight in the adsorption kinetics of both reactants (Hy and
LA), a pulse Hy chemisorption, followed by Ho-TPD and two temperature
programmed desorption experiments were conducted and monitored by
DRIFTS, in which LA was replaced with ethyl levulinate (EL) due to its
lower boiling point. As GVL was not detected in the catalytic experi-
ments conducted over bare H-ZSM-5 supports (Table S3), it is assumed
that hydrogen adsorption and dissociation was possible only on nickel
sites. Furthermore, the adsorption experiments of EL on 3.7Ni/ZSM-5-28
and ZSM-5-28 revealed that EL does not adsorb on nickel, or is not
influenced by nickel, because the desorption rate is the same for both
materials. Therefore, all compounds present in the reaction, apart from
Ha, adsorb on zeolite’s acidic sites. If the reaction step requires hydrogen
to proceed, the coverage fraction of the compound on the acid site is
multiplied with the metallic active site coverage by hydrogen.

3.2.1. Pulse H, chemisorption and temperature-programmed desorption
(TPD)

To determine the adsorption and desorption rate constants and the
activation energy for the desorption reaction, a pulse Hy chemisorption,
followed by Hy-TPD experiment was conducted on 4.0Ni/ZSM-5-750,
which is described in the experimental section 2.2. The experimental
and modelled data are shown in Fig. 4.

The modelled data are in good agreement with experimentally ob-
tained Hy fractions. With the regression analysis, the adsorption rate
constant for Hy kags was determined to be 3.8 + 0.7 min !, while the
desorption rate constant kges was 0.19 + 0.06 min L at 250 °C. The
corresponding desorption activation energy was 26 + 5 kJ/mol. When
the temperature increased, the desorption rate constant increased,
which forced the desorption of Hy. The calculated values were fed to the
LA-reaction model, and held fixed during the regression analysis, to
determine the reaction rate constant.

3.2.2. Ethyl levulinate and Iso-Propanol temperature programmed
desorption

To determine the kinetic parameters of adsorption and desorption for
LA, intermediates and products of the reaction pathway, temperature
programmed DRIFTS experiments were conducted in the range of the
temperatures, overlapping with catalytic reaction. As a descriptor for
LA, ethyl levulinate (EL) was used. Fig. 5 shows that EL adsorbs more
strongly on ZSM-5-28 than IPA. When the temperature reached 100 °C,
the fractional coverage of EL remains at 1, while more than 10 % of IPA

- 600
—— Experimental
0.054 —— Model ]
----T(°C) /]800
0.04 - /
/ 4400 O
T ! <
' [0}
S 003 i 5
35 300 §
g 2
[T
0.02 - =
[0}
200 @
0.01 - 100
0.00 0

Time (min)

Fig. 4. Pulse H, adsorption and H,-TPD experimental (green line) and
modelled data (blue line) of 4.0Ni/ZSM-5-750.
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was desorbed. When the temperature reached 250 °C, the fractional
coverage of IPA is 20 %, while it is 60 % for EL.

The adsorption/desorption rate constants and the activation energy
of desorption at 28 °C are shown in Table 3. As it was stated above, EL
and similar species adsorb stronger than IPA, and thus the adsorption
constant is higher. The desorption rate constant at the given temperature
is lower than adsorption rate constant at ambient temperature for each
compound. Activation energy for desorption is higher for EL than for
IPA, which means that desorption rate constant would change its value
to a greater extent despite the same temperature ramp rate.

3.2.3. LA hydrogenation in IPA

Irrespective of the catalysts, AL is detected in almost all of the
product mixtures, suggesting that the formation of GVL most likely
proceeds via dehydration, followed by hydrogenation as reported under
similar conditions [39,48,49]. Although 4-hydroxy pentanoic acid
(HPA) was absent in the reaction mixtures (Fig. S6), the reaction
pathway via HPA cannot be excluded. In other words, the catalytic
transfer hydrogenation with iso-propanol acting as hydrogen source
appears to occur only to a limited extent. Our microkinetic study sug-
gests that the dominant pathway towards GVL is the esterification re-
action and consecutive hydrogenation to GVL as shown in Fig. 6. When
AL was used as reactant in the short catalyst bed length (5.5 mm) with
3.7 Ni/ZSM-5-28 catalyst at 210 °C, LA, PL and consequently GVL were
detected, which is shown in Fig. 7. Hence the reverse reaction of AL to
LA is faster than the reaction of AL towards GVL. When PL is used as
reactant, no LA is detected, while GVL is formed. When the higher
temperature (250 °C) and longer catalyst bed (22 mm) were tested,
similar yields of GVL and PA were obtained, as with LA as reactant. The
accumulation of PL at longer residence time should lower the yield of
GVL if the dominant reaction pathway was through AL intermediate, but
this was not observed. The same phenomenon was observed for 4.0Ni/
ZSM-5-750 catalyst. The corresponding data is shown in Table S3.

3.2.4. The influence of Al and Ni content of the bifunctional Ni/ZSM-5
catalysts

Firstly, the hydrogenation of LA was carried out using Ni catalysts
supported on ZSM-5-21 with Ni content varied from 0.8 to 4.4 wt.%.
Fig. 7 shows the predicted concentration profiles over the length of the
catalyst bed. The estimated reaction rate constants are presented in
Table S4.

While the gradually increasing Ni content has marginal influence on
the LA conversion, the formation of the targeted product GVL rises
significantly from 2 % up to 43 % at Ni content of 0.8 wt.% and 3.4 wt.%,
respectively (Fig. 8). The GVL yield, however, drops to 11 % when Ni
content reaches 4.4. wt.%. This is likely due to lower Ni dispersion and
lower reducibility of 4.4Ni/ZSM-5-21. Despite the higher Ni content,
4.4Ni/ZSM-5-21 exhibits a similar H, consumption (= 0.36 mmolvg’l)
as 3.4Ni/ZSM-5-21, which indicates that the active Ni® could be less
accessible, probably due to lower Ni dispersion. The observed trend of
GVL yield suggest that the hydrogenation activity forming GVL is
strongly associated with the presence of NiO nanoparticles which can be
used as an indirect measure of metallic Ni®, as NiO are reduced during
catalyst activation protocol. Additionally, no GVL was detected over
bare ZSM-5-21 under identical conditions confirming that bare H-ZSM-5
is not active for the hydrogenation of LA into GVL. These observations
indicate a key role of Ni sites in the conversion of LA into GVL. The
reaction rate constant for reaction no. 5 was the highest for 3.7Ni/ZSM-
5-28 catalyst (Fig. 8, right), indicating a superior hydrogenation capa-
bility among the tested catalysts.

Furthermore, the influence of Al content in the reaction pathway of
LA conversion was investigated. The series of Ni/ZSM-5 with different Si
to Al molar ratios (ngj/na;)) were tested under identical conditions
(250 °C, atmospheric pressure). Irrespective of the catalyst used, the
product mixtures consist of the intermediate AL, GVL as well as of
esterification product PL. Interestingly, PA, the further hydrogenated
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Table 3

Adsorption/desorption rate constants and activation energy of IPA and EL
desorption determined by regression analysis.

Kags (min~") Kges (min~1) Eages (kJ/mol)

22+0.2
133+ 12

0.0035 + 0.0002
0.16 + 0.01

Iso-propanol
Ethyl levulinate

25+ 2
38+4

product of GVL, is only obtained over 3.7Ni/ZSM-5-28 and 4.0Ni/ZSM-
5-750 suggesting that these two catalysts are the most active ones for the
GVL synthesis in this study. With increasing Al content, i.e., lowering the
Si to Al molar ratios from 28 to 13, both LA conversion and GVL yield
decrease, whereas the yield of propyl levulinate (PL), the acid-catalyzed
esterification product between LA and IPA solvent, arises from 13 % to
21 % and further to 47 %, respectively (Fig. 9, left). The boosting of PL

3,7 Ni/lZSM-5-28
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sites of EL (left) and IPA (right) on ZSM-5-28.

yield coupled with a decline of GVL yield suggests a clear competition
between the two reactions. Furthermore, considering the similar Ni
content (~3.5 wt.%), the higher ASD as a result of increasing Al content
facilitates the esterification which outperformed the hydrogenation of
LA into GVL. Consequently, a low Al content catalyst, e.g., 4.0Ni/ZSM-5-
750, can accelerate the hydrogenation of PL to GVL and GVL to PA.
The correlation between GVL yield with NiO amount was examined
(Fig. 9, right). A linear correlation is evidenced, proposing a close
relation between the hydrogenation activity and Ni abundance. How-
ever, the linear fitting is no longer valid for 4.0Ni/ZSM-5-750 despite
identical test conditions. 4.0Ni/ZSM-5-750 shows a much higher hy-
drogenation activity in comparison to 3.7Ni/ZSM-5-28. Particularly, a
total yield of 16 % of PA and PP, further hydrogenated products, was
recorded, which was only 1 % for 3.7Ni/ZSM-5-28 and not observed for
other catalysts. Considering its similar structural and textural properties,
4.0Ni/ZSM-5-750 stands out as the outlier, likely attributed to the high
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Fig. 6. Model predictions with AL and PL intermediates as reactants. a, b) short catalytic bed length of 5.5 mm and c) long catalytic bed length of 22 mm. The colors
of each line match with the corresponding compounds in Scheme 2 above (LA: black, PL: blue, AL: red, GVL: green, PA: pink and PP: yellow).
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Fig. 7. Catalytic activity of Ni/ZSM-5 catalysts with various Ni content and Si/Al ratios in the hydrogenation of LA. Reaction conditions: mc, = 100 mg, Qg,= 30 ml

min~!, cpa = 1 Wt-%, Qua = 0.03 g min~?, 250 °C, 4 h. The colors of the symbols and the lines match the color in reaction pathway Scheme 2 (LA: black, PL: blue, AL:
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nNio= (nN1%N10)/MNl

Ni dispersion and high Ni reducibility. These factors are crucial for the
formation of PA, a further hydrogenated product from GVL, ultimately
resulting in a low GVL yield.

3.2.5. Increased residence times and reaction’s activation energy

To acquire the activation energy for all reaction steps, experiments
with the two highly active catalysts 3.7Ni/ZSM-5-28 and 4.0 Ni/ZSM-5-
750 were conducted employing two different catalyst bed length (5.5
and 22 mm) and at two reaction temperatures (210 and 250 °C). The
obtained catalytic results are displayed in Fig. 10.

As mentioned above, the dominant pathway is the esterification re-
action to PL (No. 1) followed by the hydrogenation to GVL (No. 5). This
is further confirmed since a higher GVL yield was obtained upon
increasing residence time via extending catalyst bed length. Regarding
the activation energy, the results presented in Fig. 11 suggest a much
higher esterification reaction’s activation energy barrier for 4.0Ni/ZSM-
5-750 compared to the highly acidic 3.7Ni/ZSM-5-28 catalyst. The
dominance of strong acid sites, characterized by Tqes = 335-360 °C, in
4.0Ni/ZSM-5-750 (Table S1), likely facilitates the binding and retention
of reactants, particularly with respect to LA. This phenomenon con-
tributes to a substantial activation energy (Ea) for the esterification re-
action. On the other hand, the 4.0Ni/ZSM-5-750 catalyst exhibits a
lower activation energy barrier for reaction No. 5. This can be explained
by the higher Ni dispersion (Fig. 3) and, consequently, a greater abun-
dance of metallic Ni sites. These factors contribute to the enhancement
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of the Ni-catalyzed hydrogenation reaction forming GVL as well as PA.
The activation energy values for all the other reaction steps are shown in
Table S5.

4. Conclusions

This study correlated the structure-activity relationship of Ni/ZSM-5
catalysts in vapor phase hydrogenation processes of LA. The interde-
pendence of Ni and Al in bifunctional Ni/ZSM-5 catalysts played a
crucial role in correlating hydrogenation forming GVL with the esteri-
fication of PL.

Furthermore, a novel microkinetic modeling approach, incorpo-
rating TPD, pulse chemisorption and DRIFT data to obtain kinetic pa-
rameters, was introduced. This method enables a deeper understanding
of the ongoing reaction channels and paved the way for more accurate
predictions of reaction pathways and the interplay of sorption and re-
action phenomena on the catalyst surface. The study also revealed and
quantified an alternative but dominant reaction pathway towards GVL,
challenging the long-held perception of the process occurring through
the formation of AL intermediates.

The 3.7Ni/ZSM-5-28 catalyst emerged as the optimal choice at
210 °C and under ambient pressure for obtaining GVL as the desired
product. Notably, Al-rich catalysts with high acid site amounts and low
metallic Ni active site concentrations favored esterification, reducing
hydrogenation activity, and impeding further hydrogenation of GVL to
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Fig. 11. Activation energy of two key reactions No. 1 and 5 in the hydroge-
nation of LA to GVL.

PA. To enhance PA formation, catalysts with a high Si to Al ratio, 4.0Ni/
ZSM-5-750, was identified as crucial.

Finally, this comprehensive investigation not only emphasizes the
versatility and bifunctional nature of Ni/ZSM-5 catalysts for vapor phase
hydrogenation, but also introduces a pioneering microkinetic modeling
approach. The obtained knowledge empowers the catalyst tailoring of
product distribution, paving the way for more economical and envi-
ronmentally friendly processes in the field or simply for deeper under-
standing of underlying phenomena.
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