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barium chloride (BaClz) as a catalyst. The catalyst concentrations were varied at 0.5% and Keywords

1.0% across reaction temperatures ranging from 60 to 90 °C. Phytol output showed a positive Biomass

curvilinear (quadratic) response to temperature, reaching its maximum at 80 °C. The highest Catalyst loading

phytol yields of 24.17% (1,985.06 mg/g) and 15.30% (1,304.6 mg/g) were obtained at catalyst Gmelina arborea

loadings of 0.5% and 1.0%, respectively. These results emphasise the promise of Gmelina Phytol

arborea leaves as a sustainable and valuable feedstock for phytol production, aligning with Reaction temperature

global efforts to utilise waste materials into beneficial resources.

1. Introduction

The world has shown growing concern about environmental issues, such as climate change and pollution caused by
petroleum and its derivatives. Progressive work by researchers worldwide is evident in the development of solutions to
replace petroleum-based resources with biomass [1,2]. Biomass, for instance, is a sustainable and environmentally
beneficial solution, as it is renewable, carbon neutral, widely available, and poses fewer health risks than petroleum-based
materials [3]. Phytol (3,7,11,15-tetramethyl-2-hexadecen-1-ol, C20H40O, CAS number is 150-86-7), for instance, is a
diterpene alcohol that can be naturally produced and derived from biomass. This compound has a molecular weight of
296.53 g/mol, a density of 0.85 g/ml and a boiling point of 202—204 °C [4-6]. It is also widely known for its antimicrobial,
anti-inflammatory, and anticancer properties, as well as antiparasitic, anti-anxiety, and antioxidant effects [7,8]. Phytol
belongs to the class of acyclic hydrogenated diterpene alcohols [9,10]. Phytol is used in various industries, including as a
flavouring agent in the food industry, as a component in pharmaceuticals such as vitamins E and K, and as an ingredient
in fragrances for perfumery, agriculture, and cosmetics [11-13]. Besides that, it is a strategic starting molecule that can be
developed as a precursor for fuels, lubricants, surfactants, and speciality chemicals [14,15]. Tracy et al. [16] reported that
phytol has also gained recognition as a promising feedstock for gasoline production since it can be cracked to yield
hydrocarbons in the gasoline range (Cs to Ci2) [16]. Phytol can also be used as an additive for diesel fuels due to its
physical and chemical properties that are comparable to those of diesel fuels [3,17]

Phytol production from biomass that contains chlorophyll typically involves hydrolysis, decarboxylation, and
rearrangement of specific phytochemical precursors. The yield of phytol and other chemical derivatives, such as
chlorophyllide or pheophytin, is highly dependent on the reaction conditions and catalyst type. There are conventional
production methods that involve extracting phytol from bacteria, algae, and plants [6,18]. In 1909, German chemist
Richard Willstétter first isolated phytol by hydrolysing chlorophyll [19]. Interestingly, phytol has also been detected in
nut skins and in dairy, beef, and fish products [20]. Several studies have reported phytol synthesis from diverse sources
such as Lathyrus ochrus, Forsythia koreana, Gaillardia pulchalla, Solanum spirale, Senna hisale, and Sene ocidevtalis
and green alga (Chaetomorpha antinnina) [21,22]. Phytol production has also been documented from silkworm faeces in
China and Japan [24-26]. Venkatesh Kumar et al. [23] reported phytol yield of 5.8% from hydrodistillation of Cnestis
ferruginea. Gmelina arborea, on the other hand, is a fast-growing tree that produces abundant renewable leaves for
biomass. The plant is suitable as a feedstock for phytol synthesis because its leaves contain high levels of chlorophyll,
terpenoids, and other important phytochemicals [24]. This plant is easy to grow under diverse climatic conditions and
requires minimal care from farmers [25]. The non-edible leaves are frequently discarded, offering an environmentally
friendly and economically viable resource for the production of bio-based chemicals [26].

Despite the growing recognition of phytol as a versatile platform chemical for fuel, pharmaceutical, and food
applications, its sustainable production remains constrained by several critical limitations. Existing phytol synthesis routes
predominantly rely on hydrodistillation or solvent extraction from edible or high-value plant species, as well as from
algae and silkworm faeces. These feedstocks often compete with food and medicinal applications, driving up costs and
undermining the long-term viability of phytol-based biorefineries. Furthermore, conventional extraction methods, such
as hydrodistillation and ethanolic/methanolic extraction, are energy-intensive, may degrade thermally sensitive
compounds, and lack the selectivity needed for efficient phytol recovery [27]. To date, no study has systematically
investigated the catalytic synthesis of phytol from Gmelina arborea leaves using barium chloride (BaCy,) as a mild, cost-
effective catalyst for the hydrolysis of chlorophyll into phytol from this feedstock. The influence of key process
parameters, specifically, catalyst loading (e.g., 0.5% vs. 1.0%) and reaction temperature (60-90 °C), on phytol yield from
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Gmelina arborea remains uncharacterized. Moreover, the optimal reaction conditions that maximise phytol yield while
minimising side reactions and over-coordination have not been established for this biomass source. Therefore, valorising
waste leaf biomass of Gmelina arborea is essential for advancing circular bioeconomy goals and providing a scalable,
economically viable alternative to petroleum-derived feedstocks. The present study seeks to fill this gap by evaluating the
catalytic performance of BaCl; at varying temperatures (from 60 to 90 °C) and catalyst loadings (0.5% and 1.0% BacCl,).
The resulting products were characterised by gas chromatography-mass spectrometry (GC-MS) to confirm the identity of
phytol and quantify yield. This work addressed the research gap in developing a simple, low-temperature, catalytic route
for phytol production that avoids edible or high-value plants.

2. Materials and Method

2.1 Chemicals, Materials and Pretreatment

The Gmelina arborea leaves used in this study were obtained from the Kaduna Polytechnic, Kaduna, Nigeria. The leaves
were cleaned by removing dirt through sorting, followed by thorough air-drying. The dried leaves were ground with a
ceramic mortar and pestle, then sieved through 250- and 300-pum mesh sizes [28]. The glassware and equipment include
sieves with 250- and 300-um mesh sizes, distilled water, a ceramic mortar and pestle, a spatula, aluminium foil, filter
cloth, a top-loading balance, a Gallenkamp hot plate fitted with a magnetic stirrer, a thermometer, and filter paper.
Magnesium sulphate and barium chloride (BaCl,) were of analytical grade.

2.2 Synthesis Process

A catalyst solution was prepared by dissolving 0.5% BaCl2 (0.25 g) in 500 mL of distilled water in a 2000 mL conical
flask. The flask was then placed on a Gallenkamp hot plate equipped with a magnetic stirrer. Approximately 50 g of the
pulverised leaves were added to the solution, and the mixture was covered. It was heated to 60 °C under continuous
magnetic stirring. The reaction mixture was kept at 60 °C for 30 min, following the protocol established by Ali and
Ibrahim [29]. After heating, the mixture was filtered twice: first through a filter cloth, then through filter paper. The
resulting filtrate was collected in a 1000 mL beaker. The filtrate was dehydrated using magnesium sulphate, followed by
phase separation in a separating funnel [30,31]. The dehydrated product was then weighed to determine its mass. The
synthesis was repeated at different reaction temperatures (60, 70, 80, and 90 °C) while keeping the catalyst concentration
fixed at 0.25 g (0.5% w/w of feed). A mild temperature range of 60-90 °C was selected to maintain gentle reaction
conditions. In addition, four further experimental runs were carried out at the same temperature points (60, 70, 80, and
90 °C) using a higher catalyst loading of 1.0% (0.5 g BaCl, in 500 mL distilled water). The filtrates from each run were
collected in 10 mL vials and subsequently analysed by GC-MS to determine their chemical composition [32].

2.3 Gas Chromatography-Mass Spectrometry

The procedure outlined by Ibrahim et al. [32] was followed with slight modification. The sample was derivatised by
mixing 200 pL of the standard solution with 100 pL of trimethylsulfonium hydroxide (TMSH) and 20 pL of triethylamine
(TEA) in sealed vials. The vials were then heated at 70 °C for 1 hour before GC-MS analysis. The GC-MS system used
was a Varian 3800/4000. The DB-5 capillary column with dimensions of 30 mm x 0.25 mm and a 0.25 pum film thickness
was used for chromatographic separation and identification. Nitrogen gas was used as carrier gas at a constant column
head pressure of 10 psi. The oven temperature program began at 100 °C, held for 3 min, then increased at 8 °C/min to
300 °C. The temperature at the transfer line was set at 290 °C. Mass spectrometric detection was performed using a VG
7070E magnetic sector instrument operating in electron-impact ionisation mode. Mass spectra were recorded over a range
of m/z40-800 at a scan rate of 20 scans per second. A solvent delay of 330 s was incorporated to prevent detector
saturation. Continuous signal monitoring ensured accurate and repeatable detection. The specific yield (in mg/g) is
calculated using Eq. (1).

Yield of phytol (g) = Yield of phytol*(%) X Mass of dehydrated product @

3. Results and Discussion

Table 1 shows the weight of the dehydrated products, yields of phytol (%) and its calculated yield in g obtained from the
GC-MS. As seen, the dehydrated product ranges from 344.10 to 446.80 g for the 0.5% catalyst loading process, and from
408.10 to 428.12 g for the 1.0% catalyst loading process. The GC-MS chromatograms of dehydrated products are shown
in Figure 1. The other important products obtained alongside phytol were nonadecane, O-decylhydroxylamine, 3-
eicosene, and isopentanol. Although the phytol percentage yields obtained in this study were relatively moderate (6.16—
24.17% at 0.5% catalyst loading and 7.23—15.30% at 1.0% catalyst loading), they remain significant when compared with
reported values from other biomass sources [33]. For example, Rani et al. [34] reported a 10.3% phytol yield using
ethanolic extraction from Hydrilla verticillata, while Anoor et al. [35] achieved an 11.4% yield through methanolic
extraction of Andrographis paniculata.
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Table 1. The products (g) of thermal hydrolysis of Gmelina arborea leaves and phytol yields

Reaction temperature (°C)
60 70 80 90

Descriptions Unit

Catalyst loading (0.5%)

Weight of dehydrated filtrate g 42270 344.10 412.40 446.80
Yield of phytol % 6.16 740 2417 11.78
Yield of phytol g 26.04 2548 9925 52.62
Catalyst loading (1.0%)

Weight of dehydrated filtrate g 428.12 421.50 426.20 408.10
Yield of phytol % 7.23 791 1530 8.31
Yield of phytol g 3097 3338 6521 3397
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Figure 1. GC-MS chromatogram of the dehydrated product (a) 0.25 g catalyst and at 60°C, (b) 0.25 g catalyst and at
70°C, (c¢) 0.50 g catalyst and at 60°C and (d) 0.50 g catalyst and at 70°C

Although hydrodistillation yields higher phytol levels, the economic value of these plant species often limits their
feasibility for large-scale production. The higher cost of such species makes them less viable for sustainable phytol
production than more accessible alternatives, such as Gmelina arborea leaves. Furthermore, phytol holds significant
potential as a renewable energy source. Tracy et al. [16] reported that cracking phytol could yield up to 49.65% gasoline.
Using Gmelina arborea leaves to produce phytol offers a sustainable alternative to petroleum-based fuels, thereby
reducing reliance on non-renewable energy sources. The relationship between reaction temperature and phytol yield (mg/g
of Gmelina arborea leaves) is depicted in Figure 2. The yield exhibited a quadratic trend as the reaction temperature
increased from 60 °C to 90 °C, with a maximum at 80 °C. As shown, the yield achieved with a 0.5% BaCl, catalyst
loading exceeded that obtained with a 1.0% catalyst loading. These results indicate that, under experimental conditions,
the optimal parameters for maximising phytol yield from Gmelina arborea leaves are a reaction temperature of 80 °C and
a catalyst loading of 0.5% BaCl,. The potential of this process is further underscored by the substantial global demand
for phytol. According to Saduka et al. [36], the estimated annual conversion of chlorophyll for phytol production was
approximately 11x10"8 tons in 2002. In contrast to conventional methods, which typically involve chlorophyll extraction
followed by saponification [37], the catalytic synthesis offers a more efficient, streamlined approach to phytol production.
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Figure 2. Phytol yield vs reaction temperature

Benelli et al. [57] reported a phytol content of 9.2% in Stevia rebaudiana (Asteraceae). Drini¢ et al. [38] found that
the diterpene composition of extracts from Sideritis raeseri obtained by microwave-assisted hydrodistillation and
conventional hydrodistillation were 13.26% and 8.59%, respectively. In another related study, Lemouchi et al. [39]
reported a phytol content of 11.5% in the essential oil of Psoralea bituminosa extracted via hydrodistillation.
Jiangseubchatveera et al. [40] reported that the essential oil from the leaves of Graptophyllum pictum (L.) Griff., isolated
by hydrodistillation, contained 75.7% phytol. Additionally, Slama et al. [41] found that the essential oil extracted from
the aerial parts of Borago officinalis L. using hydrodistillation contained 27.92% phytol. In the present study, a maximum
phytol yield of 24.17% (equivalent to a specific yield of 1,985.06 mg/g) was achieved from the 0.5% barium
chloride-catalysed thermal hydrolysis of Gmelina arborea leaf biomass at 80 °C over a reaction time of 30 min.

Table 2. Comparative yields of phytol from different plant species obtained from the literature
Phytol Content

Plant Species Extraction Method (%) References
Gmelina arborea leaves Barium chloride catalysed thermal hydrolysis 24.17% Present
(0.5% BaCl, 80 °C, 30 min) study
Stevia rebaudiana (Asteraceae)  Not specified (likely hydrodistillation) 9.20% [27]
Sideritis raeseri Microwave-assisted hydrodistillation 13.26% [38]
Sideritis raeseri Conventional hydrodistillation 8.59% [38]
Psoralea bituminosa Hydrodistillation 11.50% [39]
Graptophyllum pictum (L.) Hydrodistillation 75.70% [40]
Griff. (leaves)
Borago officinalis L. (aerial Hydrodistillation 27.92% [41]

parts)

Table 2 results reveal considerable variation in phytol content across plant species and extraction methods, ranging
from 8.59% (Sideritis raeseri, conventional hydrodistillation) to 75.7% (Graptophyllum pictum, hydrodistillation). This
wide range reflects inherent differences in plant biochemistry, tissue type, and extraction efficiency. Notably,
conventional hydrodistillation, the most reported method, yielded moderate to high phytol percentages in several species:
11.5% in Psoralea bituminosa, 27.92% in Borago officinalis, and the exceptionally high 75.7% in Graptophyllum pictum.
However, the same method yielded only 8.59% for Sideritis raeseri, whereas microwave-assisted hydrodistillation
improved it to 13.26%, highlighting the influence of extraction technology. In comparison, the present study achieved a
phytol yield of 24.17% using a fundamentally different approach: barium chloride-catalysed thermal hydrolysis under
mild atmospheric conditions (80 °C, 30 min). This value exceeds those obtained by conventional hydrodistillation for
Stevia rebaudiana (9.2%), Sideritis raeseri (8.59%), and Psoralea bituminosa (11.5%), and is comparable to that of
Borago officinalis (27.92%). Although it is lower than 75.7% reported for Graptophyllum pictum, the latter may represent
an outlier or a species exceptionally rich in phytol. Crucially, the catalytic method employs non-edible, waste biomass
(Gmelina arborea leaves) rather than food or high-value plants, offering a distinct sustainability advantage. Moreover,
the short reaction time (30 min) and mild temperature (80 °C) contrast favourably with energy-intensive hydrodistillation.
Thus, while the absolute yield is moderate, the combination of feedstock sustainability, process simplicity, and
competitive yield positions this catalytic route as a promising alternative for scalable, green phytol production.
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4. Conclusions

This study successfully demonstrates a novel, mild, and catalytic route for the synthesis of phytol from the abundant, non-
edible biomass of Gmelina arborea leaves, using barium chloride (BaCl,) as a cost-effective catalyst. The findings
unequivocally establish that both reaction temperature and catalyst loading are critical determinants of phytol yield,
exhibiting a non-linear, quadratic relationship. The optimal conditions, a moderate catalyst loading of 0.5% BaCl, at a
reaction temperature of 80 °C for 30 min, yielded a maximum phytol output of 24.17% (equivalent to 1,985.06 mg/g).
This performance is highly competitive with conventional hydrodistillation across various plant species and, more
importantly, is achieved using a simpler, less energy-intensive process and a sustainable, waste-based feedstock. A key
insight is the counterintuitive observation that a lower catalyst concentration (0.5%) consistently outperformed the higher
loading (1.0%) across all temperatures. This suggests that beyond an optimal threshold, excess BaCl, may promote
undesirable side reactions, over-coordination, or partial degradation of phytol, highlighting the necessity for precise
process control rather than simply maximising catalyst input. The GC-MS analysis not only confirmed phytol as the
primary product but also identified valuable co-products (e.g., nonadecane, 3-eicosene), underscoring the potential of
Gmelina arborea leaves as a feedstock for an integrated biorefinery. The coexistence of these compounds highlights the
chemical richness of Gmelina arborea leaves and their suitability for integrated biorefinery applications. Overall, the
BaCl,-catalysed process provides a simple, low-cost, and environmentally benign route for phytol production, aligning
with sustainable chemistry and circular bioeconomy objectives while reducing dependence on edible or high-value plant
resources.
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