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Abstract

This study explores a sustainable and environmentally friendly approach for phytol production from Acacia
auriculiformis leaves, an underutilized lignocellulosic biomass, in response to the growing global demand for
renewable bio-based chemicals. The research aims to optimize phytol extraction through zinc chloride—catalyzed
thermal hydrolysis under mild reaction conditions while maintaining high selectivity and yield. The method
employs ZnClz as a Lewis acid catalyst to facilitate chlorophyll cleavage, with systematic variation of reaction
temperature (40-80 °C) and catalyst loading (0.5-1.5% w/w) to determine optimal processing conditions. The
highest phytol yield, 646.26 mg/g (13.14%), was obtained at 50 °C with 0.5% ZnCl., exceeding yields reported
for other plant sources and conventional extraction techniques. Product characterization using gas
chromatography—-mass spectrometry (GC-MS) confirmed phytol as the dominant compound, accompanied by
minor hydrolysis by-products. Mechanistic analysis revealed that yield variations were influenced by the balance
between phytol formation and thermal degradation pathways under different catalytic and temperature conditions.
These findings demonstrate the strong potential of A. auriculiformis leaves as a renewable feedstock for phytol
production and highlight the effectiveness of ZnCl.-assisted hydrolysis in supporting circular bio-economy and
green chemistry principles. However, further studies are recommended to evaluate process scalability, economic
feasibility, and environmental impacts to support industrial-level application.
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I. INTRODUCTION

The global effort to address environmental degradation caused by petroleum-based resources has drawn
significant attention from researchers. Importantly, petrochemical-derived raw materials traditionally used in
valuable product synthesis can be replaced with renewable biomass alternatives. These biomass-based resources
offer a sustainable, environmentally friendly substitute for fossil-derived inputs, with added benefits for public
health. Phytol, a biomass-derived compound, is among the promising candidates for replacing petroleum-based
products in various industrial applications. Phytol is an acyclic diterpene alcohol that plays a crucial role in
plant metabolism, particularly as a constituent of chlorophyll [1], [2], [3]. It is a hydrophobic molecule with the
chemical formula CxHa400, characterized by a long, branched carbon chain [2], [3], [4], [5]- Historically, phytol
was first isolated in the early 20th century from the saponification of chlorophyll [6], [7], [8]. Since then, it has
gained significant attention in both plant biochemistry and industrial applications [1], [9], [10]. In plants, it
serves as the hydrophobic tail of chlorophyll molecules, anchoring the pigment within the thylakoid membranes
of chloroplasts [11], [12], [13]. Upon degradation, free phytol can be converted into other bioactive molecules,
such as tocopherols (vitamin E) and phylloquinone (vitamin K) [3], [14], [15].

Phytol possesses a broad spectrum of pharmaceutical properties, including antimicrobial, antioxidant,
anti-inflammatory, and anticancer effects [16]. It has shown inhibitory activity against pathogens such as
Staphylococcus aureus, Mycobacterium tuberculosis, and Candida albicans [2], [17], [18]. Its antimicrobial
efficacy is largely attributed to its hydrophobic character and extended aliphatic chain, which facilitate
disruption of microbial membranes [19], [20], [21], [22]. Moreover, phytol has been shown to enhance the
effectiveness of conventional antibiotics through synergistic interactions [16]. In the fragrance and flavor
industries, phytol is a valuable intermediate in the production of aromatic compounds and synthetic vitamins [6],
[23], [24]. Thermal processes such as cracking or pyrolysis can convert phytol into gasoline-range aromatic
compounds, including benzene, toluene, xylenes, and styrene [25], [26], [27]. Additionally, microbial
biotransformation enables the conversion of phytol into oxygenated aromatics like p-cresol, phenol, and
hydroxybenzoic acids [28], [29], [30]. Given its high energy density and lipid-like structure, phytol is also being
investigated as a renewable feedstock for biodiesel production [16]. These attributes highlight phytol’s
significant biological relevance and versatile industrial applications.
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Phytol has been recognized as a significant metabolite derived from a variety of plant sources using
different extraction and conversion methods [1], [31], [32]. For example, Thakor et al. [33] achieved phytol
production through the methanolysis of Abutilon indicum. Likewise, Petpheng et al. [34] and Prabha et al. [35]
extracted phytol using ethanol from Hydrilla verticillata, an aquatic plant. Microwave-assisted extraction
techniques have also been investigated; Xiao et al. [36] employed a microwave oven to obtain phytol. Alara et
al. [37] applied both Soxhlet and microwave-assisted ethanol extraction to isolate phytol from Vernonia
amygdalina leaves. Dunki¢ et al. [38] identified phytol as a major bioactive compound in Croatian Veronica
species using hydrodistillation. In addition, Al-Omar [39] used n-hexane to extract phytol from Suaeda
vermiculata, a salt-tolerant plant found in Saudi Arabia. Ultrasonic-assisted extraction has also been effective, as
demonstrated by Abd Rahim et al. [40] in their study on Syzygium polyanthum leaves.

Despite the extensive exploration of phytol's applications in pharmaceuticals, cosmetics, and biofuels,
and food, there remains a notable lack of sustainable, efficient, and green production methods from non-edible
lignocellulosic biomass. Previous studies have focused primarily on algae, synthetic pathways, or conventional
solvent extraction from limited plant sources. However, these methods often involve high costs, environmental
concerns, or low vyields. Notably, Acacia auriculiformis, an abundant and underutilized tropical plant, has not
been systematically explored as a potential feedstock for phytol production. Moreover, the application of zinc
chloride-catalyzed hydrothermal treatment for the selective extraction and conversion of phytol from
lignocellulosic biomass is still underreported in scientific literature. The integration of this approach presents a
novel pathway that aligns with green chemistry principles while addressing both biomass valorization and
phytol production challenges. This study, therefore, addresses the gap by evaluating the viability of Acacia
auriculiformis leaves as a renewable source for phytol using an environmentally friendly catalytic process under
mild hydrothermal conditions.

This study aimed to develop a sustainable method for producing phytol from Acacia auriculiformis
leaves through zinc chloride-catalyzed thermal hydrolysis under mild conditions. This was accomplished by
investigating the catalytic efficiency of zinc chloride in promoting the hydrolysis of chlorophyll in the leaf
biomass. The process involved the optimization of key reaction parameters, such as temperature and catalyst
concentration, to maximize phytol yield. The resulting products, including phytol and other hydrolysis
derivatives, were identified and quantified using gas chromatography-mass spectrometry (GC-MS).
Additionally, the phytol yield obtained from this method was compared with values reported in the literature for
other plant sources and extraction techniques. Finally, the study assessed the scalability and environmental
sustainability of this approach for phytol production from lignocellulosic biomass.

I1. METHOD

The materials used in this study included dried Acacia auriculiformis leaves, a ceramic mortar and
pestle, a 1000 mL conical flask, a 1000 mL beaker, a 500 mL separating funnel, a Gallenkamp hot plate with
magnetic stirrer, filter cloth, distilled water, and Whatman filter paper. Analytical-grade zinc chloride (ZnCly)
and sodium sulfate (Na;SO.) were employed as catalyst and dehydrating agent, respectively. Dried leaves of
Acacia auriculiformis were collected from the premises of the National Research Institute for Chemical
Technology (NARICT), Zaria. The leaves were cleaned, pulverized using a ceramic mortar and pestle, and
sieved through 250 um and 300 um mesh screens. The resulting leaf powder was stored in an airtight container
until use. A catalyst solution was prepared by dissolving 0.15 g of ZnCl; (representing 0.5% w/w of the leaf
powder) in 300 mL of distilled water within a 1000 mL conical flask. Subsequently, 30 g of the sieved leaf
powder was added to the catalyst solution. The mixture was heated and continuously stirred on a Gallenkamp
magnetic stirrer hot plate until it reached 40 °C. This temperature was maintained for 30 minutes.

The mixture was initially filtered through a filter cloth and then re-filtered using Whatman filter paper
to obtain a clear filtrate, following the procedure of Ali and Ibrahim [41]. To remove residual moisture, Na,SO4
was added to the filtrate at 0.2% w/w of the filtrate mass as performed by Ibrahim et al. [42]. The dehydrating
solution was stirred within a 500 mL separating funnel and allowed to stand until phase separation occurred.
The aqueous layer was drained, and the organic layer was collected and weighed. The above procedure was
repeated at reaction temperatures of 50, 60, 70, and 80 °C. Additionally, experiments were conducted using
ZnCl; catalyst loadings of 1.0% (0.3 g) and 1.5% (0.45 g) to evaluate the effect of catalyst concentration. For
GC-MS analysis, 5 mL aliquots were drawn from each product, transferred into labeled sample bottles, and sent
for compositional analysis. The entire synthesis process is illustrated in Figure 1.
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Figure 1 Flow Diagram Process for the Production of Phytol from Acacia Auriculiformis Leaves

For derivatization, 200 pL of the standard solution was mixed with 100 pL of trimethylsulfonium
hydroxide (TMSH) and 20 uL of triethylamine (TEA). The mixture was placed in sealed vials and heated in an
oven at 70 °C for 1 hour to facilitate complete derivatization before GC-MS analysis. Subsequently, a 2 mL
aliquot of the derivatized sample was analyzed using a Varian 3800/4000 gas chromatograph-mass spectrometer
(GC-MS) equipped with a DB-5 capillary column (30 m x 0.25 mm x 0.25 um film thickness). Nitrogen was
employed as the carrier gas, with the column pressure maintained at 10 psi. The GC oven temperature program
was initiated at 100 °C (held for 3 minutes), followed by a ramp of 8 °C/min to a final temperature of 300 °C.
The transfer line was kept at 290 °C. The mass spectrometer (VG 7070E magnetic sector) operated in electron
impact ionization mode, scanning from m/z 40 to 800 at a scan rate of 20 scans per second. A solvent delay of
330 seconds was programmed to prevent detector saturation during solvent elution. Throughout the analysis,
real-time output monitoring was conducted to ensure signal integrity and avoid saturation.

I11. RESULTS AND DISCUSSION

The weights of the dehydrated products obtained from the thermal hydrolytic process are summarized
in Table 1. The GC-MS chromatograms of the dehydrated products are shown in Figure 2. The corresponding
phytol yields (%), as determined by gas chromatography—mass spectrometry (GC-MS) analysis of the
dehydrated products, are presented in Table 2. Phytol is released during the degradation of chlorophyill,
especially when plants undergo senescence or are subjected to enzymatic hydrolysis [43], [44], [45]. Figure 3
shows the yield of phytol (in mg/g) as a function of reaction temperature (40-80 °C) during a 30-minute thermal
hydrolytic process using varying concentrations (0.5%, 1.0%, and 1.5%) of zinc chloride catalyst on Acacia
auriculiformis leaves. A two-way ANOVA, shown in Table 3, confirmed that both reaction temperature and
catalyst concentration significantly influenced phytol yield (p < 0.05), with a significant interaction effect (p =
0.025). These results validate the optimized condition (50 °C, 0.5% ZnCly) as statistically significant for
achieving maximum yield.

Table 1 The Weight (g) of the Dehydrated Products at Different Reaction Temperatures

Weight of Dehydrated Product (g) @ Different Temperatures

Catalyst Loading (%0)

40°C 50 °C 60 °C 70°C 80 °C
0.5 147 150 149 147 146.7
1.0 149 147.5 146 143 143
1.5 151 148 1495 147 145
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Figure 2 GS-MS Chromatograms of the Dehydrated Products (a - d)

Table 2 Percentage Yield of Phytol Produced @ Different Reaction Temperatures

0.5
1.0
1.5

5.60
6.36
8.77

13.14
3.05
9.15

3.02
7.49
4.43

5.84
2.14
2.59

6.93
3.90
5.50
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Figure 3: Plot of Yields versus Reaction Temperature
Table 3: ANOVA Table for Statistical Significance
Source of Variation DF F P-value
Catalyst loading 2 5.87 0.017 *
Temperature 4 11.23 0.002 *
Catalyst x Temperature 8 3.76 0.025 *
Error 15 — —
Total 29 — —

* Significant at a = 0.05

The graph of phytol yield versus reaction temperature shows that the 0.5% ZnCl, catalyst concentration
(blue dotted line) peaked at 50 °C, achieving the highest yield of 646.26 mg/g across all conditions. This was
preceded by a sharp increase from 40 °C to 50 °C, followed by a rapid decline between 60 °C and 70 °C, and
then a modest rise around 80 °C. These results suggest that at low catalyst loading, a moderate temperature
(~50 °C) effectively promotes the release of phytol, likely due to the selective breakdown of phytol precursors
without significant degradation. At higher temperatures, the decrease in yield may result from phytol
degradation or volatilization. At 1.0% catalyst concentration (orange dashed line), the phytol yield peaked at
60 °C with a moderate value of 371.79 mg/g. Unlike the 0.5% condition, this trend began with a decline from
40 °C to 50 °C, followed by an increase to the peak at 60 °C, then another decrease towards 80 °C. This pattern
suggests that increased catalyst concentration may shift the optimal reaction temperature upward, possibly by
enhancing the hydrolysis of bound phytol precursors. However, it may also accelerate side reactions or
degradation pathways at elevated temperatures.

For the 1.5% catalyst concentration (grey solid line), the highest yield of 451.59 mg/g was also
observed at 50 °C. The yield began high but declined steadily to a minimum near 70 °C, with a slight recovery at
80 °C. This trend indicates that excessive catalyst loading could lead to over-catalysis, promoting unwanted
degradation or competing reactions. The initially high yield might stem from rapid precursor breakdown, but
prolonged exposure to higher temperatures likely compromises phytol stability. Phytol yield is sensitive to both
temperature and catalyst concentration, indicating a delicate balance between sufficient hydrolysis and
thermal/catalytic degradation. The highest phytol yield was achieved with 0.5% ZnCl, concentration at 50 °C,
suggesting milder conditions favor selective extraction without degradation. Increasing the ZnCl, concentration
beyond a certain point does not proportionally increase yield, likely due to side reactions, catalyst poisoning, or
excessive breakdown of target compounds.

The sinusoidal (wave-like) shapes observed in the phytol yield curves across the reaction temperature
range are likely due to the interplay of multiple competing kinetic and thermodynamic processes occurring
during the thermal hydrolytic treatment. Zinc chloride functions as a Lewis acid catalyst, and its catalytic
efficiency is temperature-dependent [46], [47], [48]. At moderate temperatures, ZnCl, effectively promotes
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hydrolysis, facilitating the release of target compounds such as phytol [49], [50], [51]. However, at elevated
temperatures, the catalytic environment may be altered, potentially due to ZnCl; hydrolysis, complex formation,
or other structural changes [52], [53]. Such changes can result in over-catalysis, leading to the formation of
undesired side products and a consequent reduction in phytol yield. These variations in catalytic behavior may
contribute to the observed sinusoidal trend in the yield-temperature relationship.

Some intermediates involved in phytol release may be stable or reactive only within specific
temperature ranges [2], [54]. As the temperature increases, the dominant reaction intermediates can shift, each
governed by distinct kinetic profiles. This dynamic leads to non-linear and potentially periodic variations in
phytol yield [55], [56]. Phytol is a relatively volatile compound, and at elevated temperatures, losses due to
evaporation or volatilization may occur, particularly in open or semi-open systems [57], [58], [59]. Additionally,
the solubility of phytol or its precursors may exhibit non-linear behavior with temperature changes, thereby
affecting extraction efficiency [60], [61]. The plant matrix, comprising components such as cell wall structure,
lignin content, and moisture, responds to heat in complex, temperature-dependent ways, including swelling or
shrinking at specific thresholds [62], [63], [64]. These changes may initially enhance diffusivity and facilitate
phytol release, but can later lead to structural collapse or charring [65], [66], [67]. Such physical transformations
significantly impact mass transfer dynamics, thereby contributing to the periodic fluctuations observed in phytol
yield [68], [69], [70].

Based on the literature, phytol yields vary significantly depending on the extraction method and plant
source. Petpheng et al. [34] reported a 10.3% yield from ethanolic extraction of Hydrilla verticillata, which is
lower than the 13.14% vyield obtained in the present study. In contrast, Xiao et al. [36] achieved much lower
yields using microwave-assisted extraction: 10.7 mg (0.071%) of phytol from 15.0 g of U. pinnatifida leaves
and 3.5 mg (0.023%) from S. fusiforme leaves. Abd Rahim et al. [40] obtained phytol yields of 8.41%, 5.72%,
and 4.95% using n-hexane, ethyl acetate, and methanol extraction, respectively, from Syzygium polyanthum
leaves, all of which are notably lower than the yield achieved through the zinc chloride-catalyzed thermal
hydrolytic process of Acacia auriculiformis leaves. Given the global annual demand for phytol, estimated
between 0.1 and 1.0 metric tons [7], [35], [71], [72], this method offers a promising approach for sustainable
and scalable industrial production.

The formation of phytol from Acacia auriculiformis leaves via a zinc chloride-catalyzed thermal
hydrolytic process involves the degradation of chlorophyll under mild hydrothermal conditions. Acacia
auriculiformis leaves are known to contain both chlorophyll a and chlorophyll b [73], [74], [75]. Under thermal
hydrolytic conditions, typically 40-80 °C, atmospheric pressure, and using water as the solvent, chlorophyll
undergoes cleavage to yield phytol and chlorophyllide [76], [77], [78], as illustrated in Equations 1 and 2.

Heat

Chlorophyll a + H,0 = Chlorophyllide a + Phytol 1)
H

Chlorophyll b + H,0 i Chlorophyllide b + Phytol (2)

Zinc chloride (ZnCly,) functions as a Lewis acid catalyst, promoting hydrolysis by activating
electrophilic centers, particularly the ester carbonyl group, thereby facilitating nucleophilic attack and bond
cleavage [79], [80], [81], [82], [83]. The first step involves activation of the chlorophyll molecule (Equation 3),
where zinc chloride (ZnCl;) coordinates with the ester bond linking the phytol chain to the chlorophyllide
moiety [84]. This coordination polarizes the carbonyl group, increasing its electrophilicity and priming it for
subsequent nucleophilic attack [84], [85] as expressed in Equation 3.

Chlorophyll — COO — Phytol + ZnCl, — Activated chlorophyll ester complex (3)

The next step involves hydrolysis of the ester bond, where water molecules from the thermal hydrolytic
medium act as nucleophiles, attacking the carbonyl carbon of the ester linkage [86], [87]. This reaction is
facilitated by zinc chloride (ZnCly), which activates the ester by polarizing the carbonyl group and lowering the
energy barrier for nucleophilic attack [88], [89], [90] (Equation 4).

Activated ester + H,0 — Chlorophyllide + Phytol 4)

Zinc chloride acts as a Lewis acid by polarizing the ester carbonyl group of chlorophyll, thereby
enhancing the susceptibility of the carbonyl carbon to nucleophilic attack [84], [91]. This catalytic activation
facilitates the cleavage of the ester bond, leading to the release of free phytol and chlorophyllide [44], [52], [92],
[93]. In the final step, phytol, due to its hydrophobic nature, partitions into organic solvent layers or may
condense into droplets within aqueous suspensions [94], [95], [96]. Chlorophyllide, being more polar, typically
remains in the aqueous phase, although it may undergo further degradation under extended thermal or catalytic
conditions [77], [93], [97].
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IV. CONCLUSION

This study shows that zinc chloride-catalyzed thermal hydrolysis of Acacia auriculiformis leaves under
mild conditions is an efficient, green method for phytol production, achieving a yield of 13.14% confirmed by
GC-MS. The results surpass traditional extraction methods, demonstrating the potential for sustainable, scalable
phytol production from underutilized biomass. This approach supports circular bio-economy goals by replacing
petrochemical sources with renewable feedstock. Further work should focus on process optimization, scale-up,
and full techno-economic evaluation to enable industrial application. Future research should optimize reaction
conditions and assess catalyst reusability for cost-effectiveness. Pilot-scale trials and techno-economic analysis
are needed to evaluate industrial feasibility and sustainability. Life cycle assessment is recommended to ensure
environmental benefits. Exploring other underutilized lignocellulosic feedstock could expand this green
method’s applicability for phytol and other bioactive compounds, supporting wider adoption of renewable
resources in industrial production.
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