Selective deoxygenation of waste lipids over bimetallic phosphide catalysts
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Introduction

The pursuit of energy independence and lower carbon dioxide emissions has led to increased research
into sustainable energy solutions. One promising approach is turning biomass waste into useful products, which
offers an effective and environmentally friendly method for producing biofuels. This approach not only generates
renewable fuels but also supports waste management initiatives and advances the principles of a circular economy
(Vésquez et al., 2017). Vegetable and microalgal lipids, in particular, are a highly attractive feedstock for
renewable fuel generation due to their widespread availability, low cost, and the potential to minimise
environmental impact.

Hydrotreatment stands out among thermochemical upgrading methods for converting oxygen-rich
biomass feedstocks into high-quality hydrocarbon fuels that work with currentinfrastructure (Méki-Arvela et al.,
2021;Torres-Bujalance et al., 2024). While traditional sulphide CoMo and NiMo catalysts are widely used in
industry, their need for sulphur to stay active can lead to deactivation when processing renewable, sulphur-free
feedstocks. As a result, sulphur-free alternatives like transition metal phosphides (TMP) are attracting interest
because of their unigue electronic attributes, strong hydrogenation capabilities, and dual functionality. These TMP
catalysts have been successfully tested on real feedstocks such as waste cooking oil (Refiones et al., 2025), showing
promise for producing renewable fuels from waste materials.

The present investigation evaluates mono- and bimetallic phosphide catalysts supported on SiO: trilobe
pellets for the continuous hydrotreatment of waste lipids. This study centres on how variations in catalyst
composition influence reaction pathways, hydrogen consumption, selectivity, and stability under industrially
relevant operating conditions. Notably, the introduction of a second metal into the catalyst structure enables
modulation of the electronic configuration and surface characteristics, which may enhance hydrogen activation,
oxygen removal efficiency, selectivity, and catalyst stability during reaction.

Methodology

Catalysts were prepared using the phosphate method, with Mo, Ni, and Co plus phosphorus precursors
deposited on SiO: by incipient wetness impregnation, then dried and calcined. The phosphide phases formed via
Ha reduction, followed by ambient passivation to prevent oxidation. XRD, NHs TPD, and N2 adsorption/desorption
were used for structural and surface analysis.

Catalytic performance was assessed in a continuously operated trickle-bed reactor, allowing efficient
interaction among hydrogen gas, liquid feedstock (methyl laureate as an oxygen model compound), and the
heterogeneous catalyst. Before starting the reaction, the catalysts were reduced in situ at 450 °C under atmospheric
pressure. The system was subsequently cooled to 325 °C and pressurized to 20 bar. The reaction proceeded with a
hydrogen flow rate of 630 mL-min™" and a liquid feed rate of 0.3 mL-min™".

Results

Catalyst composition significantly influenced catalytic behavior, as shown in Fig. 1. The monometallic
MOoP/SiO: catalyst achieved higher overall conversion, improved selectivity for long-chain hydrocarbons, and
greater stability during continuous operation. This indicates that MoP encourages hydrodeoxygenation, which
preserves the carbon chain of fatty acids and produces water as the main product for oxygen removal. Although
hydrodeoxygenation requires more hydrogen, it ensures maximum carbon retention in the liquid fuel fraction. In
comparison, Ni2P/SiO2 and NiMoP/SiO: catalysts shifted the primary reaction mechanism toward decarbonylation
(DCO) and decarboxylation (DCO-) pathways. These routes produce CO and CO., resulting in hydrocarbons with
one fewer carbon atom than the original fatty acid. While this reduces hydrogen usage, it can also lower total
carbon efficiency. The shift suggests that phosphides containing nickel alter the electronic properties of the active
phase, favoring C—C bond breaking associated with DCO/DCO: reactions.

The bimetallic NiIMoP/SiO: system exhibited intermediate characteristics, indicating potential synergistic
interactions between nickel and molybdenum species. Electronic modulation resulting from the bimetallic
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composition appears to influence the equilibrium of hydrogen adsorption and desorption as well as surface reaction
energetics, thereby allowing for partial adjustment of pathway selectivity. This degree of tunability offers a
strategic advantage in catalyst optimization tailored to specific process objectives, such as maximizing hydrogen
utilization or enhancing carbon efficiency.
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Figure 1. a) Conversion achieved with the monometallic catalysts MoP/SiO, and Ni.P/SiO, and the bimetallic
catalyst (NiMoP/SiO,). b) Selectivity toward C1:-C1, of each catalyst under study for Methyl laureate
hydrodeoxygenation.

Catalytic performance depends on phase composition, acidity, and active species dispersion. NiMoP/SiO-
shows strong stability due to better resistance to coke formation. Phosphide catalysts' bifunctional properties help
balance hydrogenation and deoxygenation. Supported metal phosphide catalysts are promising sulphur-free
options for continuous waste lipid hydrotreatment.

Conclusions

The results highlight the critical influence of catalyst composition on deoxygenation reaction pathways
and hydrogen consumption, providing fundamental insights for the rational design of advanced catalytic systems
for renewable diesel and sustainable aviation fuel production. This work contributes to advancing catalytic
technologies aimed at sustainable fuel production and the transition toward low carbon energy systems.
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