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Derivatives to Aromatics over MoOx/HZSM-5 via Tandem 
Deoxygenation-Aromatization 
Satyam Dixit1, Anil Kumar Jhawar2, Birendra Adhikari2, Marcus Trygstad2, Craig Piacek1 and 
Paul A. Charpentier1*
1Department of Chemical and Biochemical Engineering, University of Western Ontario, 3333 
Claudette MacKay-Lassonde Pavilion, London, Ontario N6A 5B9, Canada
2Department of Research & Development, Aduro Clean Technologies Inc., 542 Newbold Street, 
London, ON, N6E 2S5, Canada

Abstract

Benzene, toluene and xylenes (BTX) serve as critical components in enhancing cold flow 

properties in high-performance fuels such as jet fuel, preventing fuel gelling and crystallization at 

low temperatures while maintaining combustion efficiency; however, their production remains 

largely reliant on conventional crude oil–derived processes. Alternate pathways such as catalytic 

pyrolysis, methanol-to-aromatics processes, etc.  remain underexplored for sustainable synthesis 

of these aromatic hydrocarbons. This study presents a novel approach for producing aromatic 

hydrocarbons using MoOx/HZSM-5 catalyst in a continuous fixed-bed reactor. Feedstocks of 

interest such as oleic acid (OA), linoleic acid (LA), corn distiller’s oil (CDO), and used cooking 

oil (UCO) were individually co-fed with water through the catalyst bed. A comprehensive design 

of experiments was employed to systematically elucidate the effect of critical reaction parameters 

such as temperature (350–375 °C), space time (1–4 h), and Mo(VI) loading on HZSM-5 (0–

10 wt%). With no additional H2 requirement for the process, the maximized operating conditions 

generated a maximum yield of 85% aromatic hydrocarbons in the liquid product obtained. The 

major platform chemicals produced during the conversion were benzene, toluene, ethylbenzene, 
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Thermocatalytic decarboxylation of fatty acids 2

and xylenes (BTEX), which were characterized using GC-MS. Further evidence for the extent of 

deoxygenation of feedstocks and presence of aromatic compounds in the product was supported 

by IR and 1H-NMR analyses respectively. The catalysts synthesized were characterized using 

BET, XRD, IR, SEM, NH3 and XPS. This study positions MoOx/HZSM-5 as a promising catalyst 

enabling the efficient, H2-free production of BTX from renewable fatty acid feedstocks, advancing 

the development of sustainable routes to produce these platform chemicals.

1.) Introduction

Benzene and its alkyl-substituted derivatives such as toluene, ethyl benzene, and xylenes 

(BTEX) serve as the fundamental building blocks for essential commodities like plastics, rubbers, 

pharmaceuticals, and cosmetics.(1) The global BTEX market was reported around 129 million 

tonnes in 2022, and is projected to reach 181 million tonnes by 2031.(2) Currently, the production 

of these aromatics is dominated by catalytic reforming of naphtha, a process inherently dependent 

on crude oil–derived feedstocks. (3) However, crude oil and its constituents are subject to price 

volatility, which is driven by market demand and geopolitical factors. Beyond the inherent price 

volatility of crude oil, the substantial greenhouse gas footprint of fossil-based processes has created 

a growing impetus for the sustainable production of high-value aromatics from carbon-neutral 

sources.

Renewable feedstocks containing triglycerides and free fatty acids, commonly sourced from 

both edible and non-edible oils, have emerged as promising candidates for the sustainable 

production of bio-based aromatics. The source of these feedstocks includes used cooking oil 

(UCO) such as canola, corn, soybean, sunflower, and safflower oil etc. Corn Distiller’s Oil (CDO) 

is a by-product of ethanol production (4), and is mainly comprised of triacylglycerols with 

(poly)unsaturated fatty acids; mainly oleic acid (OA) and linoleic acid (LA). These feedstocks 
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Thermocatalytic decarboxylation of fatty acids 3

contain oxygenated compounds, which can undergo deoxygenation, hydrotreating, and alkylation 

reactions to produce drop-in fuels, and can be blended with conventional jet fuel without any 

modifications.(5) UCO has also been evaluated as a promising feedstock for the production of 

sustainable aviation fuels (SAFs). (6,7) In this context, Singh et al. (8) recently provided a 

dedicated review of deoxygenation pathways specifically for SAF production from UCO, 

documenting how catalyst choice and process parameters critically govern selectivity between 

decarboxylation, decarbonylation, and hydrodeoxygenation routes and their consequences for jet-

range hydrocarbon yield. Moreover, a highly selective NiMo/Al₂O₃-SiO₂ catalyst system 

demonstrated a UCO conversion of over 86% with 74.8% jet-range hydrocarbon selectivity in a 

fixed-bed reactor, confirming the growing interest in tuning supported metal catalysts for SAF 

applications from waste lipid feedstocks. However, this requires additional regulatory checks to 

ensure the standards of the biofuel produced are met.(9) Aromatic hydrocarbons such as BTEX 

possess high octane number, which makes them suitable for blending with gasoline and jet fuel to 

improve anti-knocking properties as well as cold-flow properties. (10) With the growing demand 

for reducing our dependency on conventional feedstocks, upgrading bio-based feedstocks for 

production of aromatics such as BTEX can be considered as an alternative to support the drive 

towards sustainability.

Catalytic pyrolysis has been explored as a potential thermocatalytic technology to produce 

BTEX from bio-based feedstocks. The conversion involves a two-stage sequence: (i) pyrolysis of 

the feedstock at elevated temperatures (>550 °C), and (ii) subsequent cyclization and 

aromatization of the pyrolyzed vapors in a fixed-bed reactor over a reforming catalyst, operated 

under relatively high H2 pressures (10–30 bar), to generate aromatics.(11) Anellotech LLC. has 

demonstrated this catalytic pyrolysis approach for production of drop-in aviation fuels.(12) 
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Thermocatalytic decarboxylation of fatty acids 4

However, catalytic pyrolysis produces substantial amounts of unsaturated compounds such as 

alkenes as by-products, which are undesirable in the petrochemical complexes for isomerization 

and blending purposes in drop-in fuels. (13) A recent study by Wang et al. on enhanced bio-BTX 

formation from glycerol co-fed with in situ produced toluene over H-ZSM-5/Al₂O₃ illustrated that 

even optimized catalytic pyrolysis approaches struggle to surpass peak BTX carbon yields of ~30 

C% and suffer from rapid catalyst deactivation, reinforcing the fundamental limitations of high-

temperature pyrolysis routes for selective monoaromatic production.(14) Similarly, Miller et al. 

demonstrated a sequential ketonization–aromatization pathway over HZSM-5 for converting wet-

waste-derived volatile fatty acids to BTEX at 350–450 °C, yet highlighted that the co-production 

of substantial light alkane by-products at near-equal proportions remains an unresolved challenge 

for achieving high aromatics selectivity from oxygenated bio-feedstocks.(15)

Catalytic deoxygenation is generally preferred over catalytic pyrolysis, as it proceeds at 

lower operating temperatures and minimizes the generation of undesirable by-products such as 

alkenes. These advantages not only improve process efficiency but also enhance selectivity toward 

desired liquid aromatics, thereby offering a more practical and sustainable pathway for upgrading 

renewable fatty acid–derived feedstocks. Transition metal-based catalysts for deoxygenation of 

fatty acids and their derivatives have been investigated under H2 pressures of 20-30 bar. These 

include NiMo (16–18), CoMo (17–21) and Pt/Pd (22–28), which rely mainly on external H2 

pressures for facilitating deoxygenation chemistry.(29) Murzin et al (28,30) were among the 

pioneers to investigate the catalytic activity of Pd supported on activated carbon and alumina 

(Al2O3). Metal loadings between 1-5% were studied in a batch system with temperatures in the 

range of 300-370 °C and pressure range of 2.5-10 MPa. The increased reaction rates of 

decarboxylation were found with activated carbon as compared to alumina, in part due to its higher 
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Thermocatalytic decarboxylation of fatty acids 5

surface area (920 m2 /g). Higher metal loadings generated favourable decarboxylation chemistry, 

primarily because of the large number of active sites available for the reaction. However, 

regeneration of the Pt/C catalyst resulted in the structural changes of the activated carbon support 

after regeneration at 650 °C and therefore impacted its catalytic activity. Wu et al. investigated 

decarboxylation under inert atmosphere with Ni/C as the catalyst.(31) It was reported that same 

extent of decarboxylation similar to hydrotreating condition was achieved at 430 °C.(32) They 

also showed that though transition metal-based catalysts such as Ni (II) and Co (II) have greater 

catalytic activity towards decarboxylation, they tend to deactivate quickly in comparison to Pd and 

Pt. Furthermore, the liquid fraction was dominated by aliphatic hydrocarbons enriched in alkenes, 

with no evidence of aromatic hydrocarbons. The high hydrogen consumption associated with 

conventional hydrotreating routes has spurred growing interest in hydrogen-free deoxygenation 

strategies. In a recent 2025 study, Pacheco et al. investigated a H₂-free fast cracking of oleic acid 

over acidic HZSM-5 and Y-zeolites under conditions analogous to the fluid catalytic cracking 

process, establishing that the balance between Brønsted and Lewis acid sites governs the 

selectivity between deoxygenation pathways and the distribution of aromatic versus aliphatic 

products.(33) Notably, they reported that HZSM-5 yielded a higher aromatic fraction than HY 

under comparable conditions, attributing this to the former's unique pore architecture and stronger 

Brønsted acidity, consistent with the mechanistic importance of acid site density in directing 

cyclization chemistry. The acidity of the catalyst support also contributes to the product 

distribution, which was demonstrated by Hengst et al. in their research for producing drop-in jet 

fuel.(34) Similar conclusions were derived from the recent works by Charpentier et al. (25,35–37), 

where comparison of catalytic activity of Ni(II) and Mo(IV) loaded on Al2O3 for production of 

green diesel was demonstrated. Savage et al.(38) also performed extensive research on different 
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Thermocatalytic decarboxylation of fatty acids 6

metal supported systems for conversion of mono-unsaturated and polyunsaturated fatty acids into 

heptadecane, which can be used as a drop-in diesel product. The group utilized Pt on activated 

carbon in the presence of water (sub-critical and supercritical). Han et al. (39) investigated the 

decarboxylation and saturation of micro-algae oil in the presence of Pd: Au catalyst system in a 

packed bed system, which resulted in better catalyst stability as compared to standalone Pd. 

However, elimination of oxygen from the feedstock without isomerization or improving the octane 

rating of the resulting product does not address the requirement for jet fuels, which typically 

contains 8 - 25 % aromatics.(40) High operation costs and limited ability towards cyclization and 

aromatization with metal-based catalysts draws attention towards exploring other alternatives.

Direct conversion of fatty acids and their derivatives into aromatics at comparatively low 

temperatures (300 °C – 380 °C) without external H2 pressure has been underexplored. A few 

studies have emphasized on valorizing these feedstocks while investigating different catalyst 

systems at elevated temperatures (> 400 °C). (41–44) In some of these findings, catalytic 

decarboxylation of vegetable oils was carried out at temperatures ranging from 400 – 470 °C, 

resulting in low aromatic yields. Recent efforts using hierarchical ZSM-5 architectures have 

attempted to address the dual challenge of improving accessibility to active sites while preserving 

shape-selective aromatization. Liu et al. synthesized hierarchical ZSM-5 nanosheets with 

interconnected mesopore networks for the catalytic cracking of oleic acid, demonstrating that a 

self-pillared nanosheet structure with a Brønsted-to-Lewis acid ratio optimized toward strongly 

acidic Brønsted sites achieved markedly higher yields of light olefins and aromatics relative to 

conventional microporous ZSM-5. (45) Nonetheless, the aromatic yields remained modest in the 

absence of a metal co-function capable of activating the C=C bonds of polyunsaturated fatty acids 

at moderate temperatures, pointing to a clear gap that bifunctional metal-zeolite catalysts are better 
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Thermocatalytic decarboxylation of fatty acids 7

positioned to fill. In a particularly relevant and recent contribution, Charpentier et al. reported the 

tandem deoxygenation and aromatization of oleic acid under subcritical hydrothermal conditions 

over MoO3/HZSM-5 catalyst,  demonstrating synergistic interplay between the molybdenum 

oxide phase and the Brønsted acid sites of HZSM-5 , thus enabling direct conversion of a model 

fatty acid to BTEX without the need for external hydrogen in a single-pot batch system.(46) A 

clear consensus therefore indicates that transition metal-based catalysts have been reported to 

facilitate both deoxygenation and cyclization of fatty acids and their derivatives.(47–51) 

In this study, we explore a novel thermocatalytic process using MoOx/HZSM-5 catalyst to 

facilitate tandem deoxygenation – aromatization of (poly)unsaturated fatty acids and their 

derivatives to produce BTEX, without added H2 in a continuous tubular reactor. The 

continuous-flow configuration used here offers specific benefits for interpreting the tandem 

deoxygenation–aromatization chemistry. By operating under well-defined space times and 

collecting products at fixed time-on-stream intervals, we anticipate that transient changes in 

conversion, deoxygenation extent, and aromatic selectivity can be linked more directly to catalyst-

state evolution than in batch experiments, where concentrations, temperature history, and water 

content co-evolve in a less controlled manner. From a process-design perspective, we expect that 

the continuous system demonstrated here could be more readily translated into modular or 

pilot-scale units for decentralized upgrading of lipid-derived feedstocks. This work investigates 

MoOx/HZSM-5 as a novel catalyst for the tandem deoxygenation and aromatization of bio-based 

feedstocks without external hydrogen pressure, addressing a gap in the current literature where 

this specific metal-zeolite combination has not been explored in continuous mode for these coupled 

reactions without H2. This research further evaluates and emphasizes on comprehending the 
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Thermocatalytic decarboxylation of fatty acids 8

correlation between the reaction parameters (temperature, space time, and Mo loading on HZSM-

5) and the extent of tandem deoxygenation-aromatization in a fixed bed tubular reactor. 

2. Experimental Section

2.1 Materials

Granular HZSM-5 (CBV 3024E, CAS No. 1318-02-1) with SiO2/Al2O3 = 30:1 was purchased 

from Zeolyst International, USA. It was obtained in powder form, the particle size being in the 

range of 20-200 nm. Ammonium molybdate tetrahydrate (AMT) > 98% purity, CAS No. 12054-

85-2), oleic acid (OA)  > 99% purity, CAS No. 112-80-1 and linoleic acid (LA ) > 99% purity, 

CAS No. 60-33-3) were obtained from Sigma-Aldrich, Canada. Corn Distiller’s Oil (CDO) was 

obtained from Greenfield Global and used as is. Used cooking oil (UCO) was obtained from the 

author’s home and filtered before use. Ultrapure water system (EASY pure LF, Mandel Scientific 

Co., USA) was used to prepare deionized water (18.2 MΩ) for catalyst impregnation steps.

2.2 Catalyst Preparation

Catalysts with varying MoOx loadings (5.0 wt%, 7.5 wt% and 10.0 wt%) on the HZSM-5 substrate 

were prepared by incipient-wetness impregnation method.(35) The ZSM-5, obtained in its 

ammonium cation form (NH4+ZSM-5), was converted into protonic form, i.e. HZSM-5 by 

calcination at 550 °C for 4 h.(34) Before the deposition of metal precursor, the HZSM-5 was 

preheated at 150 ℃ for 1 h to ensure removal of any residual volatile organic impurities. For the 

impregnation steps, a solution containing a desired amount of AMT in deionized water was 

introduced on the HZSM-5 using a syringe pump (Harvard Apparatus, PHD Ultra). The resulting 

mixture was then dried in a vacuum oven at 80 °C for 12 h, then calcined by heating in a muffle 

furnace at a rate of 10 °C/min to a temperature of 650 ℃ and was maintained at 650°C for 4 h. The 

catalyst samples prepared were stored in a desiccator at ambient conditions. Detailed discussion 
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Thermocatalytic decarboxylation of fatty acids 9

regarding the effect of calcination temperatures on various other physicochemical properties of the 

zeolite has been incorporated in the later sections.

2.3 Catalyst Testing

The prepared catalysts with varied MoOx loadings were evaluated in a continuous fixed bed 

reaction system (Bench-Top Reaction System Junior)™ purchased from Autoclave Engineers LLC. 

to understand the interplay of reaction parameters to promote deoxygenation and aromatization of 

the feedstocks. For the experiments and the parametric study with the feedstocks, a specific catalyst 

weight of 1.47 g was utilized. The experiments utilized a water-to-feed weight ratio of 4:1 (w/w). 

This specific ratio was selected based on established protocols from prior research conducted by 

the same group on the deoxygenation of fatty acids.(25,52) These parameters were investigated 

in a continuous fixed-bed tubular reactor system at temperatures ranging from 350 to 375 °C to 

evaluate their correlation with the efficiency of the tandem reaction. A comprehensive design of 

experiments was employed where the space time was varied between 1 and 4 hours. The process 

schematic for the reaction system is provided in supplementary information (Figure S1). The 

feedstocks and water were introduced into the reaction system using a dual-syringe pump system 

(260 D Teledyne Isco LLC.). The feed-water mixer and the tubular reactor were placed inside a 

heated oven maintained at about 200 ℃. The reactor assembly consisted of a 5 mL tubular reactor 

(316 SS) and was equipped with a band heater to maintain desired reaction temperatures. The 

catalyst bed inside the tubular reactor was prepared such that the desired amount of catalyst was 

sandwiched between known weight of ball bearings and quartz wool at both ends. The desired 

space time was achieved by adjusting the flow rates of the feedstock and water through the catalyst 

bed using the following equation:

𝜏 =
𝑉

𝑉𝑜
          (𝑒𝑞 1)
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Thermocatalytic decarboxylation of fatty acids 10

where V represents the volume of the catalyst bed, Vo represents the combined volumetric flow 

rates of water and feedstock, and 𝜏 represents the space time. The mixture of feed and water was 

introduced from the top of the tubular reactor, and  the liquid product exiting from the bottom of 

the tubular reactor was introduced to a condensing gas-liquid separator maintained at 8.5 ℃ and 

was collected at regular intervals, which were quantified and characterized by the combination of 

GC-MS, IR, and 1H-NMR analyses. Errors in conversion, deoxygenation extent, and product 

yields were determined from replicate experiments, and the errors are presented as average ± 

average deviation. Each experiment was carried out in triplicates to confirm reproducibility, and 

the reported data represent the average of the individual runs, indicating good experimental 

repeatability. The gas samples were stored in airtight Tedlar gas bags (SKC Inc., PA) for GC-TCD 

analysis. A rigorous cleaning and preparation protocol was implemented to minimize cross-

contamination and maintain integrity of the experimental results. At the end of each run, the spent 

catalysts were recovered, thoroughly washed with hexane to remove any residual organic products, 

dried at 120 °C overnight and analyzed via different catalyst characterization techniques.  

2.4 Catalyst Characterization 

The Brunauer, Emmett and Teller (BET) method for determining specific surface area, BJH pore 

volume, and BJH pore diameter of the fresh and spent catalysts were analyzed by Tristar 3020. In 

this procedure, the catalyst samples were degassed overnight under N2 atmosphere at 200 °C and 

then subjected to N2 adsorption/desorption test. The X-ray diffraction (XRD) analysis was 

performed with a Bruker D2 Phaser powder diffractometer using Cu-Kα radiation (λ for Kα = 

1.54059 Å) over 2θ ranging between 20° – 60°. The scanning electron microscopy (SEM) images 

were obtained with a model LEO1530 scanning electron microscope under different magnification 

levels. NH₃-temperature programmed desorption (NH₃-TPD) analysis was performed to 
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Thermocatalytic decarboxylation of fatty acids 11

characterize the acidity of the catalysts using a Micromeritics AutoChem II 2920 analyzer. Prior 

to analysis, samples were purged with high-purity helium (99.99%, 50 mL·min⁻¹) at 400 °C for 1 

hour to remove adsorbed contaminants. Subsequently, the samples were cooled from 400 °C to 

100 °C and saturated with ammonia by exposure to a flow of anhydrous 10% NH₃ in helium (50 

mL·min⁻¹) for 2 hours. Physiosorbed ammonia was then purged by flushing with helium (50 

mL·min⁻¹) at 100 °C for 1 hour. NH₃-TPD analysis was conducted over a temperature range from 

room temperature to 800°C at a heating rate of 10 °C·min⁻¹. The amount of desorbed NH₃ was 

quantified by integrating the area under the TPD curve, providing a direct measure of catalyst 

acidity. The X-ray photoelectron spectroscopy (XPS) analyses were carried out with a Kratos 

AXIS Supra X-ray photoelectron spectrometer using a monochromatic Al Kα source (15 mA, 15 

kV). XPS was carried out by probing the surface of the sample to a depth of 7–10 nm, with 

detection limits ranging from 0.1–0.5 atomic% depending on the element. The instrument work 

function was calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic 

gold and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line 

of metallic copper. The elemental composition of the prepared Mo/HZSM-5 catalysts was 

determined by inductively coupled plasma optical emission spectrometry (ICP-OES) using axial 

plasma viewing configuration. Catalyst samples were digested following EPA Method 3050B, and 

the resulting solutions were analyzed on an ICP-OES instrument in accordance with EPA Method 

6010C. Analyses were performed by Lambton Scientific (a division of Technical Chemical 

Services Inc., Ontario, Canada), an accredited third-party analytical laboratory.

2.5 Product Characterization 

The gas chromatographic analysis of liquid products was performed with a Shimadzu 2014 gas 

chromatograph equipped with a 30 m × 0.25 mm × 0.25 µm DB-5 wax column (Agilent 
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Thermocatalytic decarboxylation of fatty acids 12

Technologies, Santa Clara, CA, USA), and a flame ionization detector (FID). The makeup gas, 

carrier gas, and ionization gas were, respectively, ultrapure air, helium, and hydrogen. In a typical 

analysis, 1 µL sample was injected with a split ratio of 10:1; carrier gas (helium) flow rate was 25 

mL/min; and the flow rate of H2 was 30 mL/min while that of ultrapure air was 400 mL/min. The 

temperatures for injector and detector were set at 300 °C and 320 °C, respectively, and the 

following temperature program was applied after injection: 5 min hold at 50 °C; ramp at 5 °C/min 

to 150 °C; ramp at 10 °C/min to 300 °C; and a final hold at 300 °C for 2 min. Qualitative 

identification of compounds in the samples was based on comparison with retention times for 

aliphatic and aromatic hydrocarbons compounds in standards (Restek Inc.). The GC instrument 

was calibrated using aromatic standard obtained from Restek (Certified Aromatics Mix, 5500 

µg/mL, P&T Methanol, 1 mL/ampul, Catalog No. 30485) with known concentrations of individual 

components present. The calibration of the GC followed a series dilution methodology to establish 

a five-point calibration curve for each individual compound in the aromatic standard, which was 

in accordance with ASTM D5580 calculation procedure.(53) The solvent used for preparing these 

standards was methanol, ensuring consistent dilution and accurate concentration measurements 

across the calibration range. Methanol was used as the solvent due to its compatibility with 

obtained standard for aromatic compounds and thus preventing interference and ensuring accurate 

standard preparation. Gaseous products formed during the reaction were collected in Tedlar gas 

bags and analyzed against a standard calibration mixture of gases (CO, CO2, N2, O2, H2, and 

gaseous hydrocarbons). The gas sample (1 mL) was filled into a gas tight syringe (Model 1001 

LTN SYR, Cemented NDL, 22 ga, 2 in, point style 5) was injected with helium as the carrier gas. 

The gases were detected with a thermal conductivity detector (TCD). In GC-TCD analysis, the 

oven temperature was kept at 30 °C for 2 min followed by 15 °C/min ramp to 250 °C, held at 250 
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Thermocatalytic decarboxylation of fatty acids 13

°C for 1 min. The temperature of both the injector and detector were maintained at 200 °C. 1H-

NMR spectra of product hydrocarbon samples in deuterated chloroform (CDCl3) solvent were 

acquired with a Bruker 400 MHz spectrometer with referencing against the residual solvent signal 

(at δ 7.26 ppm) relative to tetramethylsilane at δ 0 ppm. All spectra were obtained under the same 

conditions (298 K, gas flow rate of 300 lph) and were processed with MestreNova software. 

Infrared spectra of the feed and the liquid products were acquired with a Nicolet 6700 Fourier 

Transform Infrared Spectrometer (Thermo Scientific) in the range of 600 – 4000 cm-1  with 64 

scans at 8 cm-1 resolution. The extent of deoxygenation was calculated according to Eq. 2 adapted 

from ASTM D3242(54), where peak area corresponding to absorbance band around 1710 cm-1 for 

carbonyl stretching mode characteristic of unconjugated carboxylic acids was calculated in 

feedstock and liquid product mixture.

% Deoxygenation  =  (𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 ―𝐶𝑂𝑂𝐻 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘)―(𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 ―𝐶𝑂𝑂𝐻 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 ―𝐶𝑂𝑂𝐻 𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 ∗ 100  

(Eq.2)

3. Results & Discussions

3.1 Deoxygenation and Aromatization studies with Oleic Acid

Preliminary experiments were conducted with mono-unsaturated fatty acid (OA) to understand the 

effect of varying MoOx loadings on HZSM-5 for deoxygenation and aromatization under the 

following reaction condition: weight of catalyst = 1.47 g, T = 370 °C, τ = 4h, and water: feed (w/w) 

= 4:1. The selection of water:feed ratio was based on previous studies conducted by our research 

group addressing the deoxygenation of various fatty acids and their derivatives for production of 

green diesel. (37) Figure 1 represents the IR spectra of the liquid hydrocarbon products obtained 

under the above-mentioned reaction conditions. The reduction in the band intensity at 1710 cm-1 

corresponding to the carbonyl group was observed in the liquid products; which was strongly 
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Thermocatalytic decarboxylation of fatty acids 14

influenced by MoOx loadings on HZSM-5; achieving 64% reduction in carbonyl band intensity 

using 5wt% MoOx/HZSM-5, 99% reduction using 7.5wt%  MoOx /HZSM-5, and 90% reduction 

using 10wt% MoOx /HZSM-5. Furthermore, when HZSM-5 was used without metal impregnation, 

the infrared spectra of the liquid products showed minimal changes in the carbonyl stretching 

vibration at 1710 cm⁻¹ relative to oleic acid (OA), indicating that the carbonyl functional group 

remained unaltered under these conditions. The appearance of the significant C=O stretching 

vibration at 1710 cm⁻¹ can be primarily attributed to the inadequate catalytic activity of unloaded 

HZSM-5, resulting in incomplete deoxygenation. This finding was found consistent with 

deoxygenation studies done over Ni/MgO-Al2O3 catalyst by Zheng et al. (55) In their research, it 

was reported that metal loading improved the catalytic activity towards deoxygenation, however; 

increasing the metal loading after a threshold plateaued the catalytic activity due to agglomeration 

of NiO on the catalyst support. The IR spectroscopic analysis of the liquid products also revealed 

significant structural changes in comparison with OA, as evident by the diminished intensity of 

absorption bands corresponding to C–H stretching (2850–2950 cm⁻¹) and bending (1460–1480 

cm⁻¹) vibrations of CH₂ groups present in fatty acids (Figure 1). Beyond the carbonyl region, the 

absorption bands associated with the aliphatic C–H stretching (2850–2950 cm-1) and bending 

(1460–1480 cm-1) ) vibrations also provide insight into the support’s activity. In the case of liquid 

product obtained with pure HZSM-5 (0 wt% Mo), these bands demonstrated non-significant 

decrease in intensity compared to the raw oleic acid, suggesting partial transformation of aliphatics 

into cyclic compounds. In contrast, the Mo-promoted catalysts (5.0–10.0 wt% Mo) exhibit a much 

more dramatic suppression of these methylene vibrations. This near-disappearance of the aliphatic 

signature correlates with the high selectivity toward aromatics, indicating that the intermediate 

cracking products are rapidly undergoing cyclization and dehydrogenation over the bifunctional 
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Thermocatalytic decarboxylation of fatty acids 15

MoOx/HZSM-5 active sites. Furthermore, the appearance of weak vibrations in the 3000–3100 

cm-1 (aromatic C–H stretch) and 1600 – 1650 cm-1 (aromatic C=C ring stretch) regions for the Mo-

loaded samples indicates towards transformation of the long-chain aliphatic backbone into desired 

cyclic aromatic structures. In all the remaining cases, the suppression of C-H stretching and 

bending vibrations corresponding to long methylene backbone in the product IR suggested a 

decrease in linear alkane chain content, attributed to C-C cleavage.

Figure 1 ATR-FTIR spectra of (a) oleic acid and liquid products obtained using (b)10 wt%  MoOx 

/HZSM-5, (c) 7.5 wt%  MoOx /HZSM-5, (d) 5 wt%  MoOx /HZSM-5 & (e) Pure ZSM-5; Reaction 

Conditions: T = 370 °C, τ = 4h & water: feed (w/w) = 4:1

The evaluation of deoxygenation activity of varying MoOx/HZSM-5 loadings was continued for a 

time-on-stream (TOS) of 84 h through the fixed-bed reactor. The liquid product was collected after 
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Thermocatalytic decarboxylation of fatty acids 16

every 8 h from the start of the run and analyzed by IR to measure the extent of deoxygenation 

under identical operating conditions, as shown in Figure 2. The gaseous products from each 

experimental run were collected in Tedlar gas bags and subsequently analyzed for CO and CO₂ 

concentrations to validate and corroborate the results obtained from infrared (IR) spectroscopy. 

The normalized concentrations for CO and CO2
 evolved during the experimental runs have been 

provided in Figure S2. For the products collected at the same time intervals, notable reduction in 

catalytic activity towards decarboxylation of OA was observed with 5 wt% MoOx/HZSM-5 and 

HZSM-5 compared to 7.5 wt% MoOx/HZSM-5 and 10 wt% MoOx/HZSM-5. In case of 10 wt% 

MoOx/HZSM-5, agglomeration of MoOx in the zeolite channels could inhibit the reactant/product 

diffusion and therefore a potential reason for reduced deoxygenation activity, when compared to 

7.5 wt% MoOx/HZSM-5. 
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Figure 2 Extent of decarboxylation of oleic acid. Reaction conditions: T=370 ℃, 𝜏 = 4 h, 

water/feed = 4:1).
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Thermocatalytic decarboxylation of fatty acids 17

3.1.1 Effect of temperature, space time and water:feed ratio on deoxygenation

Parametric studies with OA were carried out with 7.5 wt% MoOx/HZSM-5 by varying temperature 

(350 – 375 °C); space time (1– 4 h) and water: feed ratio (1:1 - 4:1) to investigate their synergistic 

effect on the extent of deoxygenation and conversion. Infrared (IR) analysis of the liquid products 

presented in Figure 3 revealed that the extent of deoxygenation (calculated using Eq 2) increased 

with reaction temperature. The extent of decarboxylation increased from 57% at 350 °C to 96% at 

375 °C, which can be attributed to improved rates of decarboxylation due to increase in 

temperature. Notably, a near-complete deoxygenation (~99.5%) was achieved at 360 °C. It is 

plausible that at higher temperatures, such as 375 °C and beyond, side reactions including coke 

formation, over-cracking, and condensation reactions become more prominent on MoOx/ZSM-5 

catalysts. These side reactions lead to the deposition of carbonaceous species on active sites, 

blocking them and causing catalyst deactivation, which lowers the effective catalytic activity for 

decarboxylation. Furthermore,  performing deoxygenation reactions with oleic acid at 

temperatures greater than 400 °C could result in trade-offs with product distribution and yields, as 

reported by Charpentier et al.(56) In order to evaluate whether an increase in temperature above 

375 °C would result in further improvement in deoxygenation, a control study was done at T = 

390 °C. The total extent of deoxygenation obtained was 89.6% (Figure S3) and was synonymous 

with those obtained at 370 °C, and therefore 360 °C was selected as the process temperature to 

evaluate other model compounds. 
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Figure 3 ATR-FTIR spectra of (a) oleic acid and liquid products formed at (b) 375 °C, (c) 370 

°C, (d) 360 °C and (e) 350 °C; catalyst: 7.5 wt% MoOx/HZSM-5, 𝜏 = 4h, water: feed = 4:1). 

The effect of variation of space time and water: feed ratio on deoxygenation has been depicted in 

Figure 4. Figure 4 (a) suggests that under the reaction conditions of 360°C and 4:1 water:feed ratio, 

increasing space time from 1 to 4 hours substantially improved decarboxylation efficiency. 

Charpentier et al. (56) have explained the correlation of longer space times with higher 

decarboxylation percentages, with 4 h yielding optimal results for deoxygenation of conversion 

yields. It can further be deduced from Figure 4 (b) that temperature significantly influences the 

deoxygenation of OA, with a marked increase from 350°C to 360°C and plateauing at higher 

temperatures.  The decrease in deoxygenation of oleic acid (OA) at 370°C compared to 360°C is 

likely due to secondary reactions that dominate at higher temperatures, resulting in increased 

formation of light gases and coke rather than desired hydrocarbon products. Although temperature 

Oleic Acid

375 °C

370 °C

360 °C

350 °C
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initially enhances catalyst activity and promotes deoxygenation up to a certain point, further 

increases lead to excessive decomposition, which lowers the yield of liquid products and can 

decrease deoxygenation efficiency. At temperatures greater than 400 °C, secondary reactions such 

as cracking, polymerization, and condensation are favored, leading to coke formation that blocks 

active sites on the catalyst. This hinders the access of oleic acid and intermediates, reducing 

deoxygenation efficiency.(57)

Figure 4 Extent of decarboxylation under different experimental conditions : (a) space time (𝜏); 

(b) temperature and (c) water: feed ratio. 
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This aligns with published findings showing that increasing temperature from 325°C to 375°C 

enhances decarboxylation from 55% to 92%.(58)  As shown in Figure 4 (c), increasing the 

water:feed ratio from 1:1 to 4:1 at 360°C with 4h space time progressively improved the 

decarboxylation efficiency. Earlier studies on optimization of reaction parameters have found that 

water:OA ratios between 1:1 and 4:1 significantly impact performance, with higher ratios 

generally yielding improved results.(56) The literature reveals that water serves as an effective 

reaction medium, facilitating heat transfer and enabling more uniform temperature control 

throughout the reaction system, which helps achieve reproducible conversion results. Additionally, 

water promotes dispersion of the catalyst particles, which enhances interaction with OA, and 

plausibly would help in suppressing coking by providing a source of steam that helps prevent 

catalyst deactivation. The results obtained indicated that longer space times (4h) and high water: 

feed (4:1) ratio showed a greater extent of deoxygenation of OA. Under preferred reaction 

conditions, the overall liquid yield during catalyst lifetime was found to be ca. 85% with OA. The 

liquid yield was calculated on a normalized mass basis of heptadecene present in the system, after 

complete decarboxylation of OA.  Accordingly, the following conditions were selected as suitable 

conditions to achieve deoxygenation of poly(unsaturated) fatty acid: 7.5 wt% MoOx/HZSM-5, T 

= 360 °C, 𝜏 = 4h, and water:feed = 4:1.
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Thermocatalytic decarboxylation of fatty acids 21

Figure 5 IR spectra of (a) OA and the decarboxylated products formed at 360 °C under different 

conditions such as (b) 𝜏 = 1h, water: feed = 4:1; (c) 𝜏 = 1h, water: feed = 2:1 ; (d)  𝜏 = 1h, water: 

feed = 1:1; (e) 𝜏 = 2h, water: feed = 4:1; (f) 𝜏 = 2h, water: feed = 2:1; (g) 𝜏 = 2h, water: feed = 1:1; 

(h) 𝜏 = 4h, water: feed = 2:1; (i) 𝜏 = 4h, water: feed = 4:1 

The IR spectra of the liquid products collected after the first 8h of the experiments were 

analyzed to understand the changes in the functional groups during deoxygenation of OA, as 

depicted in Figure 5. The prominent band at 1710 cm-1 corresponding to the C=O stretching 

vibrations of carboxylic acid group present in OA (Figure 5 (a)) was significantly suppressed in 

the spectra shown in Figure 5 (e), (f), and (g); therefore, suggesting the prominent effect of 

increasing severity of reaction parameters on deoxygenation. The fingerprint region below 1500 
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cm⁻¹ reveals that the product consists of aromatic compounds, evident with IR signals around 

1400-1460 cm⁻¹ corresponding to vibrations associated with C-C stretching of aromatic ring. The 

C-H wag (900—675 cm-1) corresponding to aromatic ring was particularly notable in spectra (e) 

through (i). Absorbance bands corresponding to =C-H stretching for aromatic compounds (3068 

cm-1, 3028 cm-1) and C-C stretching attributable to the aromatic ring (1614 cm-1, 1506 cm-1 and 

1465 cm-1) were observed. The IR results not only confirmed the catalytic activity of 

MoOx/HZSM-5 to promote deoxygenation but also indicated the potential of the catalyst to effect 

tandem deoxygenation and aromatization of OA. 

3.1.2 GC-MS analysis of liquid products

The liquid products obtained through thermocatalytic deoxygenation of OA at different reaction 

temperature (350 - 375°C) in the fixed bed tubular reactor using 7.5wt% MoOx/HZSM-5 catalyst 

were also analyzed using GC-MS. The liquid products primarily included BTX (benzene, toluene, 

and xylenes), which contributed to more than ca. 65% of the total aromatics obtained. In 

maximized operating conditions, up to ca. 75% BTX were obtained. Besides, gas-phase 

components like short hydrocarbons (C1–C3) are formed in combination with low amounts of CO 

and CO2. Under maximized operating conditions, there was no trace of oleic acid in the liquid 

product, suggesting complete conversion. However, in cases where temperature was 350 °C, the 

catalyst activity dropped rapidly within the first 36 h, resulting in unconverted oleic acid in the 

liquid product. The remaining 10 % product were gaseous products in the form of CO2, CO and 

C1-C4 small chain hydrocarbons. An overall mass balance for the reaction under optimized 

conditions is shown in Figure S4. The product yields were based on the total liquid products 

obtained during each experimental runs and have been reported as % liquid yields. A quantitative 
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comparison of the findings obtained in this study with existing state-of-the-art methods is 

presented in Table 1. 

 Table 1. State-of-the-art of production of aromatics from fatty acids and their derivatives. 

Feedstock Reaction conditions, 
Catalyst

Maximum 
aromatic 

production
Ref

Peanut oil
WHSV of 5.4 h-1,T: 450 °C 
-550 °C, TOS: 30 min over 

H-ZSM-5

BTEX : 33 
vol% (58)

Palm oil WHSV of 5 h-1, T: 500 °C , 
TOS: 3 h over Zn/HZSM-5

BTEX : 65 
wt% (59)

Vegetable oil 
WHSV of 2.6 h-1, T: 550 
°C , TOS > 6 h over FCC 

catalyst

Average 
aromatic yield : 

25 wt% with 
different 

feedstocks

(32)

Camelina oil
WHSV of 0.6 h-1, T: 500 

°C  , TOS: 12 h over 
Zn/ZSM-5 

BTX yield: 6.2 
wt% (60)

Soybean oil WHSV of 6.69 h-1, T: 460 
°C, over Si-MCM-41

Aromatics: 25 
wt% (61)

Canola oil WHSV of 5 h-1, T: 400-500 
°C, over SiO2 and similar

BTX yield: 
22.5 wt% (62)

Rapeseed oil
WHSV of 7.6 h-1, T: 550 

°C , TOS: 3h, over Ga and 
Zn/ZSM-5

Aromatics: 
43% (63)

Oleic acid
WHSV of 0.25 h-1, T: 500 
°C, TOS: 30 min over Al-

2O3, ZrO2, AC, MCM-41

BTX : 78% at 
550 °C (55)

Used cooking oil

Batch reactor studies, 
catalyst: 4mg, feed: 1mg, 
T: 600 °C , over HZSM-5, 

Reaction time: 4h

BTXNE : 58.6 
% (64)

Vegetable oils
WHSV of 0.1 h-1, Reaction 
time: 180 min, T: 400 °C, 

over alkali treated HZSM-5

BTX: 28.4 wt% 
from coconut 
oil, 48 wt% 

from peanut oil

(59)

Palmitic acid
Reaction time of 3h, T: 400 

°C, over Zeolites Y, β
 

BTX : 43.9 
wt% (26)

C18 fatty acids Reaction time: 180 min, T: 
400 °C over HZSM-5 BTX: 7.6 wt% (50)
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Soybean oil Reaction time: 60 min, T: 
430 °C, over HZSM-5

Aromatics: 21 
wt% (65)

Oleic acid Reaction time: 180 min, T: 
400 °C, over HZSM-5 

Aromatics: 
47% (11)

Oleic acid, etc. Reaction time: 360 min, T: 
360 °C , over Mo/HZSM-5 BTX : > 75% Current Work

Furthermore, Figure 6 presents the composition of various compounds at different reaction 

temperatures: 350°C, 360°C, 370°C, and 375°C.The compounds identified, as per the standard 

aromatic hydrocarbons, include benzene, toluene, xylenes, ethyl toluene, 1,3,5-trimethylbenzene, 

and isopropylbenzene. These results suggest that increasing the reaction temperature from 350°C 

to 360°C significantly enhanced the formation of aromatic compounds, while reducing non-

aromatic byproducts. At 350 °C, the GC–MS analysis revealed that a substantial fraction of the 

liquid product remained non-aromatic, consisting predominantly of partially deoxygenated and 

unsaturated C18 derived intermediates, which is consistent with an incomplete progression of the 

tandem deoxygenation–aromatization network under these milder conditions. However, further 

increases in temperature (beyond 375 °C) begin to reduce the deoxygenation and liquid yields of 

the aromatics. We anticipate that the relatively lower extent of decarboxylation at 350 °C (≈57%) 

compared to 360–375 °C, as determined by IR, implies that a significant pool of long-chain olefinic 

and paraffinic species persists in the liquid phase and competes with cyclization pathways for 

consumption of reactive intermediates. Similar temperature-sensitive behavior has been reported 

for zeolite-catalyzed upgrading of C18  fatty acids and triglycerides, where operation near 325–

350 °C favours the formation of long-chain alkanes/olefins and oxygenated residues, while higher 

temperatures are required to drive aromatic ring closure and subsequent dehydrogenation over 

Brønsted acid sites.(25,66) It is worth noticing that the proportion of benzene in the product 

remained relatively low at different reaction temperatures The major product in the reactions were 
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toluene, ethylbenzene, m-xylene, and p-xylene followed by some minor products such as 1,3,5-

trimethylbenzene and isopropyl benzene. The concentration of toluene significantly increased with 

increase in temperature, roughly from 18% at 350°C and to about 35% at 360°C and 375°C, 

indicating that higher temperature favors the formation of toluene. Similar trends were observed 

for xylenes and ethylbenzene. This is in accordance with other relevant literatures, which 

demonstrated the role of temperature and catalyst concentration during the decarboxylation of fatty 

acids such as oleic acid, linoleic acid, stearic acid, palmitic acid, and linolenic acid. (67) Yang et 

al.(68) reported that an increase in temperature promotes α / β scission of the hydrocarbon 

backbone, which is directly correlated with a higher degree of aromatization and enhanced 

deoxygenation rates at temperatures greater than 360 °C found in our studies.

Figure 6 Distribution of aromatic hydrocarbons produced as a result of thermocatalytic 

deoxygenation followed by cyclization and aromatization of OA under different reaction 
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temperatures. The products were analyzed using GC-MS. Reaction conditions: Catalyst = 7.5wt% 

MoOx /HZSM-5; water: feed ratio = 4:1; 𝜏 = 4 ℎ. 

3.1.3 1H-NMR analysis of deoxygenated products. As the functional group vibrations seen in 

IR spectra of deoxygenated liquid products strongly indicated the presence of aromatic 

hydrocarbons, the deoxygenated products were analyzed by 1H-NMR spectroscopy, and the 

relative abundance of protons associated with different chemical functionalities were assessed. 

Broadly, protons corresponding to methyl group of aliphatic hydrocarbons (resonating in 0.5 – 0.8 

ppm region of 1H NMR), methylene (-CH2-) group of aliphatic hydrocarbons (resonating in 1.0 - 

1.5 ppm), benzylic (Ar-CH2-) group of alkyl aromatic hydrocarbons (resonating in 2.2 - 2.7 ppm), 

vinylic (C=C) groups (resonating in 4.5 - 6.5 ppm region) and aromatic (resonating in 6.5 - 8 ppm 

region) groups were taken into consideration. The integral ratios of the protons corresponding to 

these moieties/functional groups were calculated to assess the transformation of aliphatic moieties 

of oleic acid into aromatic moieties. A typical 1H-NMR spectrum of OA is presented in Figure S5, 

where the 1H-NMR signals for different moieties/functional groups have been attributed as 

follows: protons attached to vinylic (C=C) group resonated at 5.34 ppm; protons associated with 

methylene group (-CH2) resonated in 1.25 – 1.62 ppm region; and the protons associated with 

terminal methyl group (-CH3) resonated at around 0.87 ppm. The 1H-NMR spectrum of the 

deoxygenated product of OA obtained under maximized operating conditions is shown in Figure 

7. The integral ratio of protons associated with aromatic, benzylic, and aliphatic 

functionality/moiety in the product of OA is 2.5 : 2.78 : 1, which is commensurate of substantially 

aromatic compounds.  

A comparison of the integral ratios of protons resonating in aromatic (A), vinylic (B), 

benzylic/allylic (C), and methyl and methylene regions (D) in the 1H-NMR spectra of OA and its 
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product are presented in Figure S6. The deoxygenated product of OA contained high integral ratio 

for protons resonating in benzylic and allylic region of the 1H-NMR spectrum but had negligible 

vinylic protons; signifying that the protons resonating in the allylic and benzylic regions of the 1H 

NMR spectrum of the deoxygenated product were primarily benzylic protons (the protons in the 

alkyl substituent of benzene). It was also observed that the deoxygenated product had significantly 

lower integral ratio for protons resonating in methylene and methyl (-CH2- and CH3)  region of the 

1H-NMR spectrum, suggesting that the alkyl substituents were short-chain molecules.

Figure 7 1H-NMR spectra of decarboxylated product (Reaction conditions: T = 360 °C, water: 

feed ratio = 4:1; 𝜏 = 4ℎ). 

Further analysis of splitting patterns and position of 1H NMR signals in Figure 7 of deoxygenated 

product further highlighted distinctive triplet signal at δ = 0.97 ppm; attributed to the protons 

Aromatic 
Signals

Substituted 
Aromatic Signals
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Thermocatalytic decarboxylation of fatty acids 28

associated with terminal methyl groups of short-chain alkyl groups . Multiplets in δ = 6.9 -7.3 ppm 

indicated the presence of substituted benzene, whereas singlets at δ = 7.37, 7.11, and 7.09 ppm 

indicated the presence of symmetrically substituted (2,4-disubstituted and 1,3,5-trisubstituted) 

benzene. Singlets at δ =2.28, 2.32 and 2.37 ppm were indicative of methyl groups attached to 

benzene, suggesting methyl substituted benzene like toluene, xylenes, and mesitylene. Multiplets 

in δ = 2.24 to δ =2.68 ppm connoted that some alkyl substituents contain two or more carbon atoms 

(e.g. ethyl, n-propyl, isopropyl, etc). Comparison of the 1H-NMR of the deoxygenated product of 

OA with that of a simulated/predicted 1H-NMR spectrum for a mixture of aromatic hydrocarbons 

containing benzene, toluene, xylene, and ethylbenzene obtained by using an open access tool 

(nmrdb.org) indicates identical integral ratios and 1H-NMR signal splitting patterns; corroborating 

that the deoxygenated product of OA is the mixture of alkyl aromatic compounds where the alkyl 

groups are primarily methyl, ethyl, and propyl. The predicted 1H-NMR spectrum, for the mixture 

of aromatic hydrocarbons is shown in Figure S7.

A comparison of the 1H-NMR spectrum of the deoxygenated product of OA obtained by 

using HZSM-5 and 7.5% MoOx/HZSM-5 as catalyst (demonstrated in Figure 8) signifies the role 

of MoOx to promote tandem deoxygenation and aromatization of OA. The two products compared 

in Figure 8 were obtained under identical reaction conditions (T = 360 °C, 𝜏 = 4 h, and water: feed 

ratio = 4:1). The 1H-NMR spectrum of the product using 7.5% MoOx/HZSM-5 as catalyst (Figure 

8b) signifies substantially aromatic compounds whereas the 1H-NMR of the product using HZSM-

5 as catalyst is commensurate of open-chain hydrocarbons with small proportion of aromatic 

hydrocarbons (Figure 8a). The relative abundance of protons in aromatic, benzylic/allylic, and 

aliphatic regions in the product of HZSM-5 catalyst is 0.09:0.37:1, suggesting that only limited 

tandem cyclization-aromatization of OA was achieved with HZSM-5 catalyst without Mo loading. 
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Thermocatalytic decarboxylation of fatty acids 29

On the contrary, the integral ratio of protons in aromatic, benzylic/allylic, and aliphatic regions in 

the product with 7.5 wt% MoOx/HZSM-5 was found to be 2.54:2.81:1, indicating that remarkable 

enhancement in aromatization. This is attributed to the presence of MoOx on HZSM-5, which 

promotes dehydrogenation of aliphatic hydrocarbons and subsequent cyclization to aromatics 

presumably via Bronsted acid sites within the catalyst channels. 

Figure 8 1H-NMR spectra of the deoxygenated product of OA; deoxygenated with (a) HZSM-5 

and (b) 7.5% MoOx/HZSM-5. 

3.2 Tandem Decarboxylation – Aromatization of Linoleic Acid, Used Cooking Oil & Corn 

Distiller’s Oil over 7.5 wt% MoOx/HZSM-5

10.370.09

12.812.54
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Thermocatalytic decarboxylation of fatty acids 30

The catalytic activity of 7.5 wt% MoOx/HZSM-5 was further evaluated for deoxygenation and 

aromatization of linoleic acid (LA), and real-world feedstocks including Used Cooking Oil (UCO) 

and Corn Distiller’s Oil (CDO), which primarily comprise of LA. The free fatty acid fraction, 

predominantly oleic acid, constituted approximately 13% of the total lipid composition in both 

UCO and CDO. A detailed composition for UCO and CDO has been provided in Figure S8. The 

preferred reaction parameters obtained from parametric evaluation using OA  (T = 360 °C, 𝜏 = 4 ℎ 

, water: feed ratio = 4:1, catalyst = 7.5wt% MoOx/HZSM-5) were used for evaluation of 

deoxygenation,  cyclization, and aromatization efficacy of the catalyst with different feedstocks. 

3.2.1 Deoxygenation of LA, UCO and CDO: ATR-FTIR

Figure 9 ATR-FTIR spectra of feedstocks and their deoxygenated products under preferred 

reaction conditions: (a) LA, and (b) its deoxygenated product P-1; (c) UCO, and (d) deoxygenated 

product P-2; (e) CDO, and (f) its deoxygenated product P-3. 
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Thermocatalytic decarboxylation of fatty acids 31

The absorption bands corresponding to C=O at 1710 cm-1 present in OA (vide supra) were shifted 

to 1743 cm-1 , confirming the presence of esters (R-C=O-OR) in UCO and CDO. In the IR spectra 

of the liquid products obtained from OA, UCO and CDO, remarkable reduction in the intensity of 

C=O stretching signal is observed (Figure 9 b, d and f, respectively), which indicates the 

outstanding efficacy of 7.5 wt% MoOx/HZSM-5 catalyst for deoxygenation of fatty acids and fatty 

esters. Additionally, the IR band at 3005 cm-1 due to C-H stretching vibrations attributing to C=C 

were significantly reduced and shifted to 3028 cm-1 , corresponding to =C-H aromatic stretching 

vibrations. C-H wag attributed to aromatic and alkyl aromatics was predominantly visible in the 

fingerprint region from 860 cm-1
 and 770 cm-1 , further validating the tandem deoxygenation-

aromatization chemistry during the run.  

3.2.2 GC-MS analysis of liquid products

Figure 10 highlights the major products identified and quantified in the products of LA, UCO and 

CDO under the mentioned reaction conditions, which, based on the results of parametric evaluation 

for conversion of OA, are considered to be appropriate for maximizing liquid yield and 

deoxygenation of the product. The major compounds in the liquid product of LA, UCO, and CDO 

consisted of benzene, toluene, m-xylene, p-xylene, ethyl toluene, and mesitylene. A representative 

chromatogram for the GC-MS analysis has been presented in Figure S10. The total yield of 

aromatic hydrocarbons was 78%, which was substantially higher and  achieved under lower 

temperature conditions than those reported with rapeseed oil (22.5 – 26 wt%), (59,62) camelina 

seed oil (6 wt%),(59,61) soybean oil (24 – 25 wt%) (59,61)  and palm oil ( 22 wt%).(59) These 

results corroborate the initial identification of the chemical functionalities analyzed by 1H-NMR 

and FTIR (vide supra). In all cases, using LA, UCO, and CDO as feedstock, the combined mass 

fraction of benzene, toluene, and xylenes (BTX) was greater than ca. 60%. In Figure 10,  others 
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Thermocatalytic decarboxylation of fatty acids 32

fraction constituted a non-negligible portion of the liquid product, and we anticipate that this pool 

comprises a mixture of partially deoxygenated and re-functionalized species originating from the 

distinct lipid profiles of CDO, UCO, and the model fatty acid feedstocks. It can be speculated that 

for all three feeds, residual oxygenates such as esters, ketones, and short-chain carboxylic acids 

could persist when decarboxylation and decarbonylation pathways remain incomplete, especially 

for heavier or more sterically hindered components. In addition, we anticipate that oligomeric and 

lightly cracked species derived from C18 unsaturated chains (e.g., dimers, cyclic oligomers, and 

branched aliphatic structures) may populate this category, reflecting secondary condensation and 

oligomerization reactions on the zeolite acid sites. 

Figure 10 GC-MS analyses of decarboxylated products obtained from (a) linoleic acid, (b) used 

cooking oil and (c) corn distiller’s oil; Reaction conditions: 7.5wt% Mo/HZSM-5 = 1.47g, T = 360 

°C, 𝜏 = 4ℎ.  
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Liquid yields of ca. 82%, ca. 75% and ca. 61% were reported on mass basis for products 

obtained with LA, UCO and CDO. The reduction in the total liquid yield is attributed to the 

chemical structure of these feedstocks, which contain a bulky aliphatic backbone (-CH2-CH-CH2) 

attached with three fatty acids per mole. As water is used during the reaction, hydrolysis of these 

feedstocks results in formation of three moles of free fatty acids and glycerol per mole of feedstock. 

The glycerol formed doesn’t take part in the deoxygenation and aromatization chemistry, and thus 

results in overall yield loss on mass basis. This finding was further supported by analyzing the 

feedstock and hydrolyzed product without deoxygenation and aromatization using 1H-NMR 

spectroscopy (Figure 11). A substantial decrease in the integral area corresponding to the proton 

associated with the acyl group in the feedstock (splitted doublets between δ 4.3 and 4.35, followed 

by quintet at δ 4.15) was observed in the hydrolyzed feedstock, confirming the absence of aliphatic 

backbone and generation of glycerol as a side product. In addition, 3 moles of CO2 are also 

removed per mol of hydrolyzed fatty acid derivatives upon deoxygenation, leading to an overall 

mass reduction of ~ 30%.
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Figure 11 (a) 1HNMR of CDO, highlighting the proton signals corresponding to the acyl group 

present in the aliphatic backbone; (b) 1HNMR of CDO after hydrolysis; decrease in the integral 

area of protons associated with acyl group is visible. 

The gaseous product obtained with these feedstocks were also analyzed using GC-TCD, which 

majorly comprised of CO, CO2, H2 and short chain alkenes (<C5) (Figure S9). The production of 

gaseous products during decarboxylation and aromatization chemistry arose from distinct yet 

interconnected reaction pathways. Decarboxylation generated CO₂ through the  elimination of 

carboxyl groups (-COOH), while CO could have formed via secondary processes such as partial 
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oxidation or thermal decomposition of intermediate carbonyl species. Concurrently, aromatization 

chemistry could be attributed to H₂ evolution through dehydrogenation steps required to establish 

stable aromatic systems, and short-chain alkenes (<C₇) emerged as fragmentation products from 

catalytic cracking of larger molecules, side-chain elimination from aromatic intermediates, or β-

elimination reactions. The coexistence of CO₂, CO, H₂, and light alkenes in the gas profile 

reflected the parallel progression of these processes, with decarboxylation liberating volatile 

carbon oxides and aromatization producing hydrogen and unsaturated hydrocarbons. 

3.2.3 1H-NMR analysis of the products obtained from LA, UCO and CDO 

1H-NMR of the liquid products obtained from LA, UCO, and CDO were analyzed for assessment 

of integral ratios of protons in different chemical environments (aromatic vs benzylic/allylic vs 

methyl and methylene). The relative integral values of protons attributable to aromatic (A), vinylic 

(B), benzylic and allylic (C), and methyl and methylene (D) regions were assessed, and are 

summarized in Table 2. In all cases, protons in vinylic region were negligible, and high integral 

value was observed for aromatic and benzylic protons as compared to aliphatic methyl and 

methylene protons; suggesting that the products in all cases constitute substantially aromatic 

compounds. The spectrum in each case exhibited a sharp singlet attributed to hydrogens resonating 

at δ 7.40 ppm, which confirmed the presence of benzene. Appearance of singlets corresponding to 

δ 7.37, 7.11, 7.09, 2.4, 2.36, 2.35 and 2.3 ppm followed by multiplets between δ 6.9 and δ 7.2 ppm 

suggest the presence of toluene, xylenes and similar alkyl substituted benzenes in the liquid 

mixture. The signals corresponding to vinyl protons in linoleic acid, used cooking oil and CDO at 

δ 5.34 ppm disappeared in the spectra of their respective decarboxylated products, which is shown 

in figure (Figure S11). In control experiments with no metal loading on the HZSM-5 support, 1H-

NMR signals corresponding to vinyl group present in the fatty acids/fatty acid moiety were noticed 
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Thermocatalytic decarboxylation of fatty acids 36

in the liquid product. This is attributable to compromised catalytic activity of HZSM-5 towards 

aromatization.

Table 2. Relative integral ratios of protons associated with different chemical environment 

(chemical shift) in the deoxygenated products obtained from different feedstocks. 

3.3 Proposed reaction mechanism 

Deoxygenation of fatty acids catalyzed by reducible oxides such as MoO₃, which can be partially 

reduced to MoO₂, proceeds through initial removal of the carboxyl group and subsequent C=O 

and C–O bond cleavage. (69–72) This holds valid for both saturated and unsaturated fatty acids. It 

is plausible that used cooking oil and corn distiller’s oil after hydrolysis also undergo similar 

reactions, liberating CO2. The absence of long-chain alkanes or olefins in the liquid product 

indicates that MoOx/HZSM-5 not only facilitates deoxygenation but also actively promotes C–C 

bond fragmentation, olefin generation, cyclization, and aromatization reactions. Figure 12 

highlights a proposed mechanism pathway for tandem deoxygenation-aromatization of fatty acids 

and their derivatives, which plausibly follows a series of reaction steps. 

Integral value of protons resonating at different chemical shifts/regions 
of 1H-NMR spectrum

Product of

Aromatic (A) Vinylic (B) Benzylic & 
allylic (C)

Methylene and 
methyl (D)

Linoleic Acid 4.42 Negligible 3.75 1

Used Cooking Oil 0.99 Negligible 0.99 1

Corn Distiller’s Oil 3.04 Negligible 2.96 1
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Thermocatalytic decarboxylation of fatty acids 37

Figure 12 Plausible mechanism for tandem decarboxylation-aromatization of fatty acids. (Oleic 

acid has been used as a model compound).

In the proposed mechanism scheme, Reaction A involves the catalytic 

decarboxylation/decarbonylation of fatty acids, whereby CO₂ is released, and shorter-chain 

alkenes such as heptadec-8-ene are generated. This is accompanied by homolytic bond scission at 

T ≥ 360 °C, giving rise to highly reactive free radical intermediates. Reaction B corresponds to β-

scission and isomerization of radical species. Alkyl radicals undergo fragmentation into olefins 

and smaller radical intermediates, while the unsaturated hydrocarbons generated undergo skeletal 

rearrangements consistent with Zaitsev’s Rule, leading to more stable alkene isomers. Reaction 

C denotes disproportionation and hydrogen abstraction processes, where radical intermediates are 

quenched to form equimolar amounts of an alkane and an alkene. These pathways further 

contribute to the olefinic pool available for downstream transformations. Reaction D highlights 

the crucial cyclization of unsaturated intermediates as radical species undergo 1–6 endocyclization 

O

OH + CO2

+
Allylic Radical

CH
R

H Hydrogen abstraction
via other radical

+ R+

Formation of
terminal alkene

Short chain alkanes,
which can further undergo

C-C bond scission/ reforming

Terminal Alkene

Mo/HZSM-5

Generation of cationic centers

1-6 endocyclization
Hydrogen extraction from

other species

Dehydrogenation

(A)

(B)

(C)

(D)

Toluene

Oleic Acid 8-Heptadecene

Decarboxylation

Cycloalkane

(E)
Allylic Radical

R+
H
C

R+

Alkene, which is 
predisposable to mechanism

pathway shown in (D)

Follows mechanism pathway 
shown in (C)
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or 1–6 exocyclization reactions. The resulting cyclic intermediates, upon subsequent abstraction 

and stabilization, yield cycloalkane structures. Reaction E represents the dehydrogenation of 

cycloalkanes to stable aromatic compounds, a transformation strongly facilitated by the 

MoOx/HZSM-5 system. The resulting products predominantly consist of alkyl-substituted 

aromatic hydrocarbons, including toluene and xylenes. Product characterization by GC-FID and 

¹H-NMR supports the predominance of BTX-type aromatics while simultaneously confirming the 

absence of oxygenated intermediates.

Additionally, the environment provided by MoOx/HZSM-5 promotes secondary 

transformations such as alkylbenzene disproportionation, whereby toluene is converted to xylenes 

and mesitylene under the prevailing reaction conditions, as mentioned in other studies with ZSM 

based catalyst.(73) Toluene produced via pathways shown in Figure S12 shows interaction with 

another toluene molecule to produce xylene (specifically para-xylene) and benzene. This is also 

supported with the GC-MS results obtained in the previous section, where m-xylene and p-xylene 

are formed in higher amounts as compared to o-xylene. Taken together, these results highlight the 

dual functionality of MoOx/HZSM-5 in promoting both deoxygenation and hydrocarbon skeletal 

rearrangement, providing experimental evidence that consolidates the mechanistic scheme in 

Figure 12 and establishes aromatization as the dominant terminal reaction route.

4. Catalyst characterization  

4.1 BET model for Specific Surface Area and BJH model for Pore Size & Volume

In order to obtain insights into the catalyst structure and any changes that might have occurred in 

the course of chemical reactions, fresh and spent MoOx/HZSM-5 were characterized by various 

analytical techniques. Table 3 presents the specific surface area, pore volume and pore size of 

different types of fresh as well as spent catalyst. A small increase in the specific surface area of 
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the impregnated catalyst is observed, when compared to non-impregnated catalyst support. During 

catalyst preparation by impregnation method, once the HZSM-5 pores are filled with MoOx, it can 

be deduced that the residual MoOx species tend to agglomerate on the support surface, thereby 

increasing the surface area. This is an intriguing observation, which has also been reported by other 

studies.(74) However, after the threshold is reached, a further increase in loading of the metal on 

the catalyst surface results in agglomeration, thereby not affecting the surface area. The pore 

volumes of the fresh catalyst were found higher than the reported catalyst systems with HZSM-5 

doped with other transition metals evaluated.(11) 

Table 3 Specific Surface Area of Fresh and Spent Catalysts using BET Model

4.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) analysis of the MoOx/HZSM-5 catalysts were carried out to 

study the dispersion of MoOx species on the zeolite surface under varying loadings on HZSM-5. 

Similar morphologies of fresh and spent catalyst under preferred reaction condition were 

observed.(Figure 13) Spherical agglomerates of MoOx/HZSM-5 with less than 20 μm average 

particle size can be seen. Agglomeration of the catalyst is further attributed to provide secondary 

Catalyst S.S.A (m²/g)
BJH Pore Volume 

(cm³/g)

BJH Pore Size 

(Å)

Pure HZSM-5 (calcined) 398.4 0.295 86.2

Fresh Catalyst (5% MoOx/HZSM-5) 410.2 0.310 83.5

Fresh Catalyst (7.5% MoOx/HZSM-5) 445.6 0.304 81.3

Fresh Catalyst (10% MoOx/HZSM-5) 432.6 0.280 82.4

Spent Catalyst (5% MoOx/HZSM-5) 378.3 0.278 79.7

Spent Catalyst (7.5% MoOx/HZSM-5) 412.3 0.27 76.5

Spent Catalyst (10% MoOx/HZSM-5) 401.2 0.256 74.9
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porosity to the catalyst surface,resulting in formation of mesopores.(75) SEM analysis also 

suggested carbon-rod like/filamentous coke structures of carbon formed on the surface of spent 

MoOx/HZSM-5 (Figure 13 (d)), indicating coke formation during the reaction. 

Figure 13 Scanning Electron Microscopy images of (a) H-ZSM5, (b) 7.5%MoOx/HZSM-5 & 

Spent 7.5%MoOx/HZSM-5 Catalyst (c & d). The formation of carbon-rod like structure in (d) 

suggest catalyst deactivation.

4.3 NH3-TPD 

The total acidity of the calcined HZSM-5 and MoOx/HZSM-5 catalysts were investigated by NH₃-

TPD. The TPD profiles, shown in Figure 14, reveal distinct features corresponding to the 

distribution of acidic sites for each catalyst. For calcined HZSM-5, the NH₃-TPD trace exhibits 

two prominent desorption peaks: a low-temperature peak centered around 200 °C, attributed to 

a b

c d
z
Carbon-rod like structures 
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NH₃ desorption from weak acid sites, and a high-temperature peak near 400-450 °C, which arises 

from strong acid sites, located within the zeolite framework. The presence of both weak and strong 

acid sites in the parent zeolite was consistent with classic reports on ZSM-5 acidity profiles. The 

total number of weak and strong acid sites, peak temperatures and total acid amount are listed in 

Table 4. 

Table 4. NH3- TPD results of HZSM-5 Parent and 7.5 wt% MoOx/HZSM-5.

Catalyst
Total Acid 
Sites 
(mmol/g)

Peak Temperature Distribution of different acid 
sites (mmol/g)

Weak Strong Weak Strong
Calcined HZSM-
5 0.33 210.5 433 0.312 0.017

5 wt.% 
MoOx/HZSM-5 0.24 198.2 462.1 0.236 0.004

7.5 wt.% 
MoOx/HZSM-5 0.29 194.9 456.7 0.287 0.003

10 wt.% 
MoOx/HZSM-5 0.26 205.4 466.4 0.254 0.006

Upon impregnation with Mo, the NH₃-TPD profile demonstrates a marked reduction in the 

intensity of the high-temperature peak, signifying a loss of strong acid sites. Incorporation of Mo 

into HZSM-5 results in a notable decrease in the total number of acid sites, with the most 

significant reduction observed at 5 wt.% Mo loading. The persistence of weak acid sites associated 

with dispersed MoOx  may also contribute to aromatization through facilitating hydride abstraction 

and carbenium ion stabilization, albeit less efficiently than strong acid sites. Furthermore, a 

reduction in overall acid site density, particularly of strong acid sites, carries the ancillary benefit 

of suppressing undesirable side reactions such as excessive cracking, coke precursor formation, 

and secondary oligomerization, all of which compete with the desired aromatization pathway and 

compromise catalyst longevity. (52) At 7.5 wt.% Mo loading, a partial restoration of total acid 
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sites is observed compared to 5 wt.%, suggesting an optimum Mo content where both acidity and 

acid strength are balanced. In Figure S13, a NH3-TPD analysis for 2.5 wt% MoOx/HZSM-5 

catalyst can be seen. It is visible that the reduction in the peak corresponding to the strong acid 

sites starts at a lower loading, suggesting that during impregnation and calcination, Mo species can 

potentially migrate into the zeolite channels and substitute the Brønsted protons and thereby 

reducing the number of accessible acid sites. Furthermore, the introduction of the Mo species on 

the zeolite can initiate and accelerate the dehydration of strong acid sites within the zeolite 

channels, resulting in lower strong acid sites. These trends align closely with literature findings 

reported by Bao et al. wherein progressive Mo loading leads to a partial replacement of protons by 

MoOx species, diminishing overall strong acid sites but enhancing weak/medium acid sites.(76) In 

parallel, the area associated with weak acid sites remains similar, likely due to the generation of 

additional acidic centers resulting from Mo species dispersed in or on the surface of the zeolite. 
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Figure 14 NH3- TPD results of HZSM-5 Parent and various loadings of MoOx/HZSM-5.

4.4 Fourier Transform Infrared Spectroscopy

Strong bands around 1030-1060 cm-1
 are attributed to asymmetric stretching of X-O-X bonds, 

where X represents Si or Al in the tetrahedral framework. A shoulder around 1220 cm-1 is also 

observed for the same stretching. The band at 790 cm-1 represents symmetrical stretching 

vibrations of the X-O bonds in the Si(Al)O4 tetrahedron and is in accordance with studies reporting 

the crystalline structure of MoOx/HZSM-5.(77) These characteristic bands confirmed the 

formation of MFI zeolite (HZSM-5) structure. Infrared spectroscopy of the fresh MoOx/HZSM-5 

did not indicate any functional groups or impurities other than the lattice vibrations of the zeolites, 

which are a result of tetrahedron and bending vibrations.(Figure S14) In spent HZSM-5, the 

functional group corresponding to the residual product/unconverted reactants can be seen around 
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1707 cm-1 (C=O stretching) and 2920 cm-1 (C-H stretching vibrations), suggested the deactivation 

of the catalyst due to pore blockage. 

4.5 X-Ray Diffraction and Impact of Calcination Temperature on Physicochemical 

Properties of Zeolite

While differences in calcination temperature can, in principle, influence the physicochemical 

properties of HZSM-5 support, it has been well established in the literature that the critical 

threshold temperature for framework degradation and changes in physicochemical properties lies 

considerably above the temperature employed in the present work. Specifically, dealumination and 

a concomitant reduction in zeolite crystallinity become significant at calcination temperatures at 

or above 750 °C.(78,79) X-Ray Diffraction (XRD) patterns of the fresh, spent MoOx/HZSM-5 and 

the substrate (HZSM-5) were investigated to study differences in the zeolite framework. As seen 

in Figure 15, it is notable that XRD peaks located between 20°< 2𝛉 < 25° were intrinsic zeolite 

channel inner structures,(80) which were present in all catalysts evaluated. The peaks were 

observed at 2𝛉 = 23.42°, 24.07°, 27.05°, 30.19° and 45.64°, which are the characteristic diffraction 

angle for HZSM-5. These findings show minimal changes due to the impregnation of MoOx in the 

HZSM-5 framework. The calcination temperature of 650 °C employed in the present study is well 

within the range commonly reported in the Mo/HZSM-5 literature and below the threshold at 

which structural degradation becomes problematic.  Furthermore, studies examining the effect of 

calcination temperatures between 500 and 650 °C on Mo/HZSM-5 have demonstrated that 

catalytic performance and Mo dispersion are sensitive to temperature within this window, with 

600–650 °C representing a regime of acceptable thermal treatment for catalyst preparation.(79) 

The XRD signal characteristic of crystalline MoO3 which typically appears at 2θ values of 

Page 44 of 56Sustainable Energy & Fuels

S
us

ta
in

ab
le

E
ne

rg
y

&
Fu

el
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 1
1:

19
:3

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5SE01600B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se01600b


Thermocatalytic decarboxylation of fatty acids 45

approximately 33.5° was not observed, which indicates that the loaded MoOx was well dispersed 

on the surface during impregnation and calcination of the catalyst.(77,80,81)  

Figure 15 X-ray diffraction patterns of MoOx/HZSM-5 with various metal loadings. 

4.6 XPS Analysis

The XPS analysis was performed to analyze the surface composition and electronic state of 

Mo(VI) in the fresh and spent catalyst under optimal catalyst loadings (7.5 wt%).. The XPS survey 

spectra obtained consisted of characteristic peaks for O, C, Mo, Si and Al (Figure 16). The XPS 

fitting was carried out with the FWHM kept constant across all samples. The presence of carbon 

can be attributed to residual impurities during sample preparation and coke formation in fresh and 

spent catalyst respectively. As seen in Figure 17, the high-resolution XPS profile of Mo(VI) 
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spectra for fresh and spent catalysts exhibited peaks attributed to Mo(VI) 3d transitions, which 

consisted of two spin orbit split contributions; 3d5/2 and 3d3/2, separated by 3 eV and intensity ratio 

of 3:2. 

Figure 16 Survey spectrum collected from fresh 7.5% MoOx/HZSM-5 catalyst. 

Mo(VI) 3d5/2 and Mo 3d3/2 components were located at 232.69 and 235.81 eV respectively. There 

is a visible shift towards higher binding energy in Mo(VI) 3d3/2, compared to the BE value of 

Mo(VI) 3d5/2 in bulk MoO3, which can be explained based on strong metal-support interaction. In 

case of the spent catalyst, the observable shift in the spin-orbit doublets likely reflect a lower  

oxidation state. However, it was evident from the XPS data that both fresh and spent catalyst 

samples contained significant fraction of Mo6+ species in the form of MoO3. To complement the 

surface-sensitive XPS analysis and obtain bulk elemental composition of the catalysts, inductively 

coupled plasma optical emission spectrometry (ICP-OES) was employed. The measured Mo 
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concentrations for the 7.5 wt% and 10 wt% nominal loading catalysts were 74,800 mg/kg (7.48 

wt%) and 98,700 mg/kg (9.87 wt%), respectively, confirming successful incorporation of 

molybdenum onto the HZSM-5 support via incipient wetness impregnation. (Figure S15) The 

close agreement between theoretical and measured Mo loadings, combined with the predominance 

of Mo⁶⁺ species identified by XPS, is consistent with the formation of well-dispersed MoO₃ 

surface domains rather than bulk-phase segregation.

Figure 17 XPS of fresh catalyst (a) 7.5% MoOx/HZSM-5 and spent catalyst (b) 

7.5%MoOx/HZSM-5 370 °C, 4h

5. Conclusions and Future Directives 

The catalyst prepared by loading MoOx on H/ZSM-5 demonstrated remarkable activity towards 

tandem deoxygenation and aromatization of fatty acids and their derivatives. Systematic 

evaluation of the effects of catalyst type and reaction parameters demonstrated that the 7.5 wt% 

MoOx/HZSM-5 catalyst was effective in chemical transformation of fatty acids and triglycerides 

to aromatic hydrocarbons under subcritical hydrothermal conditions. Analysis of 1H-NMR spectra 

of the products indicated that benzene, toluene, and xylenes were the major compounds in the 

product, which was corroborated by GC-MS analysis; the BTX composition being about 65% in 
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the product. The remarkable results in chemical transformation of triglycerides and fatty acids to 

aromatic platform compounds was achieved in continuous, flow-through reactor without the 

addition of external H2 for about 84 hours. The fundamental knowledge gained from these studies 

associated with monounsaturated fatty acids was applied to valorization of real-world bio-based 

feedstocks such as CDO and used cooking oil.  With oleic acid and linoleic acid as the model 

compounds, the aromatic yields at T = 350 °C were severely affected, which suggests that higher 

temperatures are required to facilitate the tandem deoxygenation-aromatization. The highest 

proportion of monocyclic aromatics and BTEX in recovered liquid was 82% and 75%, 

respectively. With a decrease in the metal loading from 10% to 5%, significant reduction in the 

extent of decarboxylation and saturation was observed. These results direct future research and 

development to utilize these feedstocks towards production of bio-based aromatics. Furthermore, 

achieving higher selectivity in the production of BTX mixture would require addition catalyst 

modifications by varying the Si:Al ratio to alter the acidity of the solid acid support, followed by 

alternate methods for catalyst preparation. A life cycle assessment (LCA) with energy and mass 

balance, environmental impacts, etc. would result in a deeper understanding of the scalability of 

the process. The pathway described for production of BTX under given reaction conditions without 

hydrotreating, along with the achieved product yields during the process represents significant 

improvements over what has been reported in this research domain, thereby serving as a 

cornerstone for future research endeavours.

Page 48 of 56Sustainable Energy & Fuels

S
us

ta
in

ab
le

E
ne

rg
y

&
Fu

el
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 1
1:

19
:3

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5SE01600B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se01600b


Thermocatalytic decarboxylation of fatty acids 49

Table of Contents Graphic

This graphic showcases the tandem deoxygenation–aromatization chemistry within a 

plug flow reactor, where renewable feedstocks (waste oils, fatty acids) are catalytically 

transformed via sequential deoxygenation and aromatization steps. The MoOx/HZSM-5 

catalyst enables direct conversion of bio-derived molecules to aromatic hydrocarbons 

without additional H2 requirements. 
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