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ABSTRACT

Various Ni/ZSM-5 catalysts were tested for levulinic acid (LA) hydrogenation. Higher Ni
content increased y-valerolacton (GVL) yield, showing the importance of Ni sites. Increasing
Al content decreased LA conversion but increased propyl levulinate (PL) yield, indicating
reaction competition. A low Al content catalyst accelerated PL to GVL conversion. The
combination of experimental and modeling methodology proves to be useful for insightful
exploration of sorption characteristics and catalytic activities of Ni/ZSM-5 and other
mono/bi-functional catalysts.
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INTRODUCTION

The environmental crisis stems largely from massive CO2 emissions due to heavy fossil
fuel reliance. Biomass conversion offers a solution, utilizing abundant lignocellulosic resources
for chemical production [1,2]. Levulinic acid (LA) is a key product, with commercial
importance and diverse industrial applications [3-4]. LA can further be converted into y-
valerolactone (GVL) and pentanoic/valeric acid (PA), precursors to sustainable biofuels [5, 6].
Continuous flow setups are pivotal for sustainable production, as seen in various studies [7].

This study investigates the property-activity relationship of Ni/ZSM-5 catalysts for vapor-
phase hydrogenation of levulinic acid (LA) with isopropanol (IPA). We introduce a new
approach combining experimental and kinetic investigation in a fixed-bed reactor at moderate
temperatures and ambient pressure. By using IPA as a solvent, long operation times with less
frequent maintenance are achieved. ZSM-5 supports with various Si to Al ratios were prepared
using a green method, allowing systematic investigation of acidic properties and catalytic
activity correlation [8]. The study builds on previous work examining nickel and framework Al
in ZSM-5 and demonstrates a new methodology for determining relevant kinetic parameters.
Results elucidate the relationship between catalytic sites and performance, aiding in catalyst
optimization for high conversion with controlled selectivity.

EXPERIMENTAL

Catalysts were placed in a tubular reactor (9 mm inner diameter, 305 mm length) with glass
beads. After heating to 400 °C under N> flow for 1 hour, the reactor was switched to H. for 2
hours. Levulinic acid (1 wt.%) in isopropanol was fed into the reactor at 0.03 g min™. Gas and
liquid streams merged, passing through a 6-port valve into the reactor hosted in a hot box at
170 °C. Gas products were analyzed by micro GC Fusion, while liquid products were collected
hourly and analyzed by GC-MS using calibration curves.

Molar balances were used to create partial differential equations (PDE) for gas phase and
catalyst surface components. These equations were solved using MATLAB 2021b software,
with PDEs modified into ordinary differential equations (ODE) for faster regression and
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reduced computational time. The concentration and surface coverage of each species at each
position were solved over time using ODE 15s solver. Activation energies and reaction rate
constants at the reference temperature were determined through regression analysis. The
Nelder-Mead algorithm minimized the objective function, while the Levenberg-Marquardt
algorithm was employed to establish 95 % confidence intervals.

RESULTS AND DISCUSSION

Regardless of the catalyst, angelica lactone (AL) is consistently detected in product mixtures,
indicating GVL likely forms via dehydration followed by hydrogenation. Microkinetic study
suggests esterification and consecutive hydrogenation as the dominant pathway to GVL.
Experiments with AL and PL as reactants confirm this, showing faster conversion to GVL than
back to LA. Similar yields of GVL and PA at higher temperature and longer catalyst bed lengths
suggest the same pathway with LA as reactant. This trend holds for different catalysts.
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Figure 1 Model prediction and experimental data for 3.7 Ni/ZSM-5-28 catalyst at 250 °C.

CONCLUSION

This study examined Ni/ZSM-5 catalysts for LA hydrogenation. Microkinetic modeling
revealed a dominant pathway to GVL. The 3.7Ni/ZSM-5-28 catalyst was optimal for GVL
production at 210°C. Catalysts rich in Al favored esterification, while those high in Si to Al
ratio enhanced PA formation. This research shows catalyst versatility and introduces a novel
modeling approach for process optimization.
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