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This study evaluates the combined techno-chemical and socio-impact relevance of converting jojoba residue into bio-oil using ZnO as an in-situ catalyst. Experiments were performed in a bench-scale, electrically heated fixed-bed batch reactor under nitrogen with a water-cooled condensation train. Five runs were conducted using 500 g feed charges: 500 °C with 0, 3, 5, and 7 g ZnO, and a 600 °C non-catalytic run to isolate temperature effects. Product yields were quantified as bio-oil, biochar, and non-condensable gas via mass balance, and bio-oils were qualitatively characterized by Gas Chromatography-Mass Spectrometry (GC-MS). At 500 °C, bio-oil yield was 16.6–16.8 wt% for 0–3 g ZnO, increased to a maximum of 26.6 wt% at 5 g ZnO, and then decreased to 22.2 wt% at 7 g ZnO, indicating an optimum catalyst-to-biomass ratio. Increasing the temperature to 600 °C (0 g ZnO) raised the bio-oil yield to 33.4 wt%. GC–MS results show that the intermediate ZnO loading produced a more distributed chromatographic profile compared with the non-catalytic and high-loading cases, consistent with more favorable vapor upgrading, while the 600 °C control exhibited stronger early/mid-retention contributions consistent with enhanced cracking to lighter volatiles. Overall, tuning ZnO dosage and temperature improved bio-oil yield and produced a more upgrade-friendly composition, pending fuel-property testing.
Introduction
Agricultural residues are increasingly viewed as strategic feedstocks for renewable energy and circular bioeconomy pathways because they can expand bioenergy supply while mitigating waste-management burdens (IRENA, 2023). Thermochemical conversion, and particularly fast pyrolysis, provides a flexible route to convert lignocellulosic residues into liquid bio-oil alongside biochar and non-condensable gases (El Bari et al., 2024). However, raw fast-pyrolysis bio-oil is not a drop-in fuel due to its high oxygen content and associated drawbacks, including acidity, viscosity, low heating value, and limited storage stability (Bergvall et al., 2024). Catalytic fast pyrolysis has therefore attracted strong interest because in-situ vapor upgrading can shift product distributions and improve bio-oil quality proxies compared with non-catalytic operation (Rowland et al., 2024).
Metal oxides, including ZnO-based catalysts, are widely investigated for catalytic upgrading during pyrolysis because they can influence cracking, deoxygenation, and oxygenate selectivity. (Singh et al., 2023). ZnO has also been reported to modify pyrolysis product formation in model biomass systems, supporting its relevance for catalytic screening and optimization in real residues (Khashaba et al., 2026).
Jojoba residue (oilcake), referred to as jojoba meal, is an underutilized agro-industrial by-product whose valorization aligns with circular bioeconomy strategies and can diversify the value chain beyond primary oil production (Ravindran et al., 2025).  Accordingly, the present work aims to determine how ZnO loading (0–7 g at 500 °C) and temperature (500 vs 600 °C) affect product yields and GC–MS compositional trends during jojoba-meal pyrolysis, identifying conditions that maximize bio-oil yield while shifting composition toward an upgrade-friendly profile. In parallel, the study frames a qualitative socio-impact perspective on residue-to-fuel valorization as a pathway to localized value creation, with a planned transition to quantitative assessment when scale-up enables semi-industrial or commercial operation.
Materials and methods 
Pyrolysis Experiments
Jojoba oil was extracted by mechanical cold pressing at relatively low temperatures after seed cleaning, drying, and crushing to preserve oil quality. Simmondsia chinensis seeds contain approximately 50 wt% oil, and the solid residue after extraction is referred to as jojoba meal. The crop was cultivated near Ismailia, processed at a local extraction station, and subsequently processed at Egyptian Natural Oils Co., where the jojoba meal was collected. This meal was used as the feedstock for the catalytic fast pyrolysis experiments; its chemical composition (Table 1) was reported by El-Anany A.M. (2007). ZnO was used as the catalyst, obtained as a commercial-grade powder from a local supplier, and applied as received without further treatment.
Table 1: Chemical analysis of jojoba meal.
	Component
	Moisture
	Crude Protein
	Crude Oil
	Crude Fiber
	Ash
	Nitrogen free extract
	Simmondsin

	Weight %
	10.3
	22.9
	1.20
	15.40
	4.10
	53.38
	0.43



The experiments were conducted in a locally built, bench-scale, electrically heated stainless-steel fixed-bed batch reactor (about 40 L internal volume). The reactor is equipped with internal thermocouples, automated temperature control, and nitrogen purging, followed by a condensation line comprising a water-cooled copper-coil condenser and a liquid collection vessel. This setup (Fig. 1a) was adapted from the recently published configuration of Khashaba et al. (2026). The design allows the products to be separated into condensed liquid (bio-oil), solid residue remaining in the reactor (biochar), and non-condensable gases (estimated from mass balance). The setup is equipped with temperature control for safety and proper ventilation for gas relief. For scale-up, HAZOP studies are recommended to mitigate risks. Although the unit can process ~10 kg per batch, runs were conducted with 500 g charges to promote more uniform heating and to keep condensate volumes manageable. In total, five experiments were performed: at 500 °C with ZnO loadings of 0, 3, 5, and 7 g per 500 g batch, and one additional run at 600 °C with 0 g ZnO to isolate the effect of temperature. ZnO was physically mixed with the prepared biomass at defined loadings before pyrolysis. It must be noted that the catalytic experiments were conducted at 500°C based on preliminary optimization studies indicating that ZnO exhibits significant catalytic activity at lower temperatures, enabling reduced energy input while maintaining product yield. The non-catalytic experiments at 600°C were selected to ensure sufficient thermal cracking in the absence of a catalyst (Khashaba et al., 2026).
After cooling under nitrogen, the collected condensate was weighed and reported as bio-oil, and the remaining solids were weighed as biochar; the gas yield was calculated by difference. On the other hand, the biochar mixed with catalyst are removed from the reactor (Fig. 1b). However, ZnO was not separated from the biochar, and it has been applied further in ongoing research to enrich the soil for crops cultivation. To ensure comparability, the recovery protocol (including condenser rinsing/transfer) was kept consistent, and overall mass closure was used as an internal check. Product yields (wt%) were determined by dividing the mass of products by the initial 500 g charge. Whereas the conversion of biomass is determined as 100%-biochar yield. Bio-oils were characterized qualitatively by GC–MS to track how conditions shift major compound families (e.g., oxygenates, phenolics, aromatics, nitrogen-containing species, and heavier fractions). Analyses were performed using a Thermo Trace GC Ultra coupled to an ISQ single-quadrupole MS with a TG-5MS column, Electron Ionization (EI) at 70 eV, helium carrier gas (1 mL/min), injector/transfer line at 280 °C, and a programmed oven temperature ramp; results were reported as % Total Ion Chromatogram (% TIC) peak area with tentative identifications based on NIST/WILEY library matching. Future work will expand the matrix to include additional temperatures and catalyst conditions beyond these initial five samples.
Social Assessment
The valorization of jojoba meal through catalytic fast pyrolysis contributes to circular bioeconomy development by transforming agricultural residues into valuable energy carriers and functional materials. From a socio-technical perspective, the integration of such thermochemical processes into rural systems has the potential to create localized value chains that enhance resource efficiency and reduce waste. The proposed system can support decentralized employment opportunities in biomass collection, preprocessing, and reactor operation. In particular, the inclusion of women in upstream activities such as feedstock preparation and logistics can contribute to more inclusive economic participation. However, these impacts are currently assessed qualitatively and will require quantitative validation in future studies. From a technical standpoint, the dual production of bio-oil and biochar offers multiple benefits: bio-oil can serve as a renewable energy carrier, while biochar can be applied in soil amendment and environmental remediation. These attributes support improved resource utilization and environmental sustainability. Future work will focus on developing a quantitative socio-economic and techno-economic assessment once pilot-scale or semi-industrial data become available, enabling a more rigorous evaluation of economic feasibility, scalability, and long-term societal impact.
	         (a)                                                                                           (b)
Figure 1: (a) Pyrolysis reactor setup, and (b). Jojoba meal before and after pyrolysis.
Results and Discussion
Product Yields
[image: ]As shown in the yield distribution (Fig. 2), ZnO exhibited a loading-dependent effect on bio-oil recovery at 500 °C. The non-catalytic run (0 g) produced 16.6 wt% bio-oil (≈74% biomass conversion), while 3 g ZnO gave a nearly unchanged yield (16.8 wt%), indicating that low additive levels provided limited catalytic influence on the net condensable fraction under these conditions. Increasing ZnO to 5 g led to the highest bio-oil yield (26.6 wt% equivalent to 66% conversion), representing a substantial improvement over the non-catalytic. However, further increasing the loading to 7 g reduced the bio-oil yield to 22.2 wt%, suggesting that beyond an optimum catalyst-to-biomass ratio for bio-oil objective, secondary reactions increasingly divert vapors away from the condensable liquid fraction.
Figure 2: Effect of ZnO catalyst loading on jojoba meal pyrolysis product yields at 500°C. 
The improvement at moderate ZnO loading (5 g) is consistent with the role of metal oxides in promoting oxygen-removal reactions (e.g., decarboxylation/decarbonylation) and modifying the vapor-phase reaction network, thereby reducing the prevalence of reactive oxygenates and increasing the fraction of vapors that condense as an organic liquid. Early work on ZnO treatment of biomass pyrolysis vapors reported measurable catalytic effects on pyrolysis liquids, including improved oil quality/stability, commonly associated with oxygen removal and compositional shifts in the condensate (Nokkosmäki et al., 2000). Broad reviews of catalytic pyrolysis also highlight that catalysts can enhance liquid production and/or improve liquid quality depending on acidity/basicity and operating severity, but that outcomes are strongly dependent on catalyst loading and contact conditions (Sun et al., 2025).
The decline in bio-oil yield at 7 g ZnO likely reflects over-severity in catalytic contact, where increased available surface area and longer effective vapor–solid interaction promote secondary cracking, repolymerization, and carbon deposition (coke/char formation), ultimately reducing the amount of condensable organics. 
This interpretation is supported by the parallel shift toward higher solid formation seen at higher loading (biochar increasing from 26.0 wt% at 0 g to 35.6 wt% at 7 g) and aligns with literature describing the trade-off between upgrading reactions and loss of liquids to gas/solid via over-cracking and coking when catalytic severity becomes too high (Ungureanu et al., 2025). Overall, these results indicate that ZnO has an optimal loading window for maximizing bio-oil yield under the tested conditions, with 5 g per 500 g batch providing the best balance between beneficial vapor upgrading and minimizing secondary pathways that suppress liquid recovery.
At 600 °C without ZnO (control), the product yields were 33.4 wt% bio-oil, 28.5 wt% biochar, and 38.1 wt% pyrolysis gas, showing that the process under higher thermal severity still produced a substantial condensable fraction. Based on this higher-temperature baseline, it is reasonable to expect that introducing ZnO at 600 °C will substantially increase the bio-oil yield, because ZnO can catalyze vapor-phase deoxygenation reactions that favor formation of more stable condensable organics rather than reactive oxygenates (Chong et al., 2019). However, we acknowledge this limitation, and it will be further investigated in future work. At the same time, operating at 600 °C can intensify secondary reactions (cracking and repolymerization), so the net yield response will likely depend on ZnO loading and contact severity, potentially showing an optimum rather than a monotonic increase (Reza et al., 2023). 
Bio-oil Quality
Under non-catalytic conditions at 500 °C (Fig. 3a), the bio-oil contains 16 detected components and exhibits a strongly skewed TIC: three compounds—benzyl (S)-2-amino-2-methyl-4-pentynoate (55.30%), methyl 3-hydroxy-2-methylene-pentanoate (19.48%), and benzyl 2-amino-2-methyl-4-pentynoate (7.88%)—account for 82.66% of total area, with a noticeable late-RT (Retention time) peak near the end of the run, indicating a measurable heavy fraction. 
Introducing ZnO at 500 °C increases the number of detected compounds to 20 across the catalytic cases and modifies the volatility envelope. With 3 g ZnO (Fig. 3b), the TIC remains concentrated: the four major components— MYCOSIDE “defined by GC-MS” C(B1) (53.45%), 1-chloro-2-formyloxycyclohexane (17.15%), 5,6-dihydro-5-methyl-2H-pyran-2-one (7.42%), and rac-(4S)-4-hydroxybicyclo[3.2.1]octan-6-one (4.89%)—sum to 82.91%, which is comparable to the non-catalytic control in terms of dominance, but with major peaks distributed into mid/late retention windows (e.g., RT ~33–37 min), consistent with a product slate that still contains appreciable heavier constituents. 
At an intermediate loading of 5 g ZnO (Fig. 3c), the chromatogram becomes less skewed than both the control and the 3 g case: the dominant peaks—methyl 3-hydroxy-2-methylenepentanoate (46.09%), a tetrahydropyran-derived oxygenate (15.78%), plus additional peaks (6.12% and 4.96%)—sum to 72.95%, indicating a more distributed composition (i.e., less reliance on a single/few dominant species). 
This reduction in dominance is consistent with the common interpretation that broader product distributions reflect more diverse cracking/reforming pathways rather than accumulation into a narrow set of heavy products. (Carrasco Díaz et al., 2024).
At the highest loading of 7 g ZnO (Fig. 3d), the TIC becomes more concentrated again: the four largest peaks—(2-nitro-tetraphenylporphyrinato)nickel(II) (44.46%), bicyclo[4.1.0]heptane-7-carboxamide derivative (16.75%), dimethyl-3-(1′-methyl-1′-butenyl)cyclobutane-1-ethyl acetate (12.27%), and carbonyl-octaethyl-porphinato ruthenium(II) (5.76%)—sum to 79.24%, with clear mid/late-RT contributions (e.g., RT ~29.8 and 33.7 min). 
This suggests that excessive ZnO loading does not monotonically improve “fuel-like” character under these conditions; rather, the most favorable trend (lowest skewness and more distributed peak pattern) occurs at intermediate loading (5 g). From a fuel-use perspective, a “better” raw bio-oil is typically associated with (a) reduced heavy-tailing (improved volatility/atomization), (b) reduced high-molecular-weight/oligomer-like content (better storage stability), and (c) fewer highly oxygenated/acidic species (improved corrosivity and heating value after upgrading). The ZnO series indicates that moderate ZnO loading shifts the product envelope toward a more distributed TIC, while too low or too high loading yields more concentrated compositions with notable mid/late-RT peaks (El Bari et al., 2024). 
Temperature governs bio-oil composition through secondary reactions (decarboxylation, decarbonylation, dehydration), which shift functional groups and volatility windows as severity increases—exactly the interpretation used in the published-style analysis. The 500 °C control (Fig. 3a) is dominated by three peaks totaling 82.66% with 16 detected components. In contrast, the ZnO-free bio-oil produced at 600 °C (Fig. 4) contains 20 detected components and shows a more distributed TIC that is still dominated by an early-eluting oxygenated compound at RT 6.47 min (53.43%), assigned to (2R)-2-Methyl-4-[(tetrahydro-2H-pyran-2-yl)oxy]butan-1-ol. The next most abundant peaks also occur mainly in the early/mid region—RT 6.83 (9.58%) (exo-3,6-dioxatricyclo[6.4.0.0(2,7)]dodeca-9-ene) and RT 6.79 (3.86%) ((Ra*,1′R*,2′R*)-N,N-Diisopropyl-2-[1′-methyl-2′-(methylamino)-2′-phenylethyl]-1-naphthamide)—while a smaller but notable later component appears at RT 33.17 (4.95%) as 3-(2′-Methoxyethyl)-2,2-dimethyl-5-methylenecyclopentanol, giving a top-three sum of 67.96% and indicating strengthened early/mid-RT signals consistent with enhanced cracking to lighter volatiles.
 (a)                                                                                          (b)
(c)                                                                                          (d)
Figure 3: TIC overlay of produced bio-oils at 500 °C with various ZnO loadings; (a) 0 g, (b) 3 g, (c) 5 g, (d) 7 g. 
While GC–MS trends alone cannot fully qualify a fuel (they do not measure water, acidity, viscosity, stability, or heating value), they provide a chemically meaningful proxy: a shift toward earlier/mid-RT components and attenuation of late heavy tails is commonly associated with improved “fuel-like” handling and upgrading behavior (Bergvall et al., 2024). Nevertheless, raw fast-pyrolysis bio-oil generally remains challenging as a direct drop-in transportation fuel because it typically has high oxygen content, high acidity, high viscosity, and lower calorific value relative to petroleum fuels, often requiring stabilization and hydrotreating (or other upgrading) before use in engines or refineries (Carrasco Díaz et al., 2024).Taken together, the present GC–MS results suggest that (i) at 500 °C, ZnO loading has a non-linear effect on quality, with intermediate loading giving the most distributed TIC (most “upgraded” in this chromatographic sense), and (ii) increasing severity from 500 to 600 °C (control oils) yields a more distributed, earlier-eluting profile consistent with a shift toward lighter volatiles—both of which are directionally favorable for downstream fuel upgrading, even though additional property measurements (water, TAN/acidity, viscosity, stability, HHV) and/or upgrading steps remain necessary before fuel deployment.
Conclusions
This study confirms that jojoba meals can be effectively valorized through fast pyrolysis and that ZnO loading and temperature are key operating levers controlling bio-oil yield and composition. At 500 °C, bio-oil yield increased from 16.6–16.8 wt% at 0–3 g ZnO to a maximum of 26.6 wt% at 5 g ZnO, then decreased to 22.2 wt% at 7 g ZnO, demonstrating a clear optimum catalyst-to-biomass ratio rather than a monotonic catalyst effect. Increasing temperature to 600 °C under ZnO-free operation further increased bio-oil yield to 33.4 wt%, highlighting the strong role of thermal severity in enhancing condensable production under the studied configuration. 
At 500 °C, the intermediate catalyst condition produced a more distributed chromatographic profile (reduced dominance of a few peaks) compared with both the non-catalytic control and the highest ZnO loading, consistent with more favorable in-situ vapor upgrading during pyrolysis. In the temperature comparison, the 600 °C ZnO-free bio-oil exhibited stronger early/mid-retention contributions and lower top-peak dominance relative to the 500 °C control, consistent with enhanced cracking toward lighter volatiles. Collectively, these results indicate that the best balance among the catalytic 500 °C cases occurs at 5 g ZnO, while 600 °C maximizes bio-oil yield in the non-catalytic baseline. Future work will (i) extend the temperature study to ZnO-assisted pyrolysis at 600 °C (e.g., 3–7 g ZnO) to determine whether catalyst-assisted upgrading and yield trends persist at higher severity, and (ii) conduct the socio-impact assessment quantitatively once the process is scaled-up, enabling robust measurement of employment, value-chain, and local-economic impacts beyond the present qualitative assessment, (iii) hazard analysis and safety studies, and (iv) analyze the pyrolysis gas and the ZnO catalyst powder in terms grain size and purity.
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