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ARTICLE INFO ABSTRACT

Keywords: This study aims to develop, for the very first time, a kinetic model for the simultaneous transesterification of
L‘Pase_ geraniol and citronellol using Pseudomonas fluorescens lipase to produce their respective esters. This allows us to
Geraniol test the feasibility of the bioprocess and comprehend the enzyme behaviour, fine-tune process efficiency, and
Citronellol . . . . .

Terpene ester predict process performance. Geranyl and citronellyl esters are key ingredients in fragrance and flavour for-
Transesterification mulations in the food sector, as well as bioactive compounds for pest and insect repellents in the agricultural

sector. Unlocking a greener and sustainable production of these terpene esters directly from plant-derived
essential oil is crucial to meet the 2050 net zero targets to produce bio-based chemicals. The simultaneous
transesterification of geraniol and citronellol in a batch reactor successfully achieved conversions of 66 % for
citronellol and 94 % for geraniol within 5 h. Key optimum conditions were 1:8 molar ratio (geraniol:vinyl ac-
etate), an enzyme loading of 10 wt % of geraniol, temperature of 40 °C, and a stirring speed of 250 RPM. The
results indicated that simultaneous transesterification followed a ternary complex mechanism with competitive
inhibition by alcohol. Initial testing of rose geranium oil under optimised conditions yielded 32 % citronellol and
50 % geraniol conversion after 30 h. Overall, this study shows promise as a green pathway utilising enzyme
catalysis to selectively produce esters from diverse terpene mixtures and can be extended to terpene alcohols

Kinetic model

derived from flower essential oils.

1. Introduction

Terpene esters, specifically acetate, propionate, and butyrate esters
of geraniol and citronellol are commercially significant building blocks
for the flavour and bioactive compounds in food and agriculture sectors,
respectively [1-3]. They are utilised for the sensory experience and
functionality in food additive formulations and have demonstrated po-
tential as an environment-friendly insect and pest repellents [4-7].
Terpene esters are commercially produced through fractional distilla-
tion of natural essential oils [9] or synthetically through modification of
their respective terpene alcohols [10]. However, both routes are limited
by low product yield, harsh operating conditions, high solvent footprint
and resource intensive downstream processing for product purification
[11]. Hence, there is a need to identify 1) new alternative sources of
natural extracts and 2) a green and sustainable pathway for producing
flavour, fragrance and bioactive compounds [12].
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Flower biomass is an attractive alternative feedstock as it is rich in
monoterpenes and is easy to process because of its low lignin content
compared to other agricultural biomass. Geraniol and citronellol are the
two major terpene alcohols found in flower essential oils [12-14],
allowing for further structural modification into their esters. The alter-
native enzyme biocatalysis to chemocatalysis for synthesising individual
geranyl or citronellyl esters by means of esterification or trans-
esterification has been extensively researched over recent decades
[16-23]. Enzyme biocatalysis offers several advantages, including mild
reaction conditions, high regioselectivity, minimum downstream pro-
cessing, as well and the capability to generate products of purity
equivalent to or surpassing those obtained through fractional distillation
[24]. As a result, there is a growing interest, both in research and
commercial spheres, in leveraging enzyme biocatalysis as a safer, more
sustainable, and greener alternative to chemo-catalysis routes [25].
However, there exist additional considerations in the determination of
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the most suitable enzymatic pathway, encompassing the selection of
specific enzymes, solvents, reaction conditions, and related parameters.

Lipases from Pseudomonas fluorescens (PFL), have been effectively
employed in the production of terpene esters in both esterification [9]
and transesterification [17,18] yielding up to 100 % conversions, which
is the choice of enzyme in this study. It is a relatively more economical
alternative to Candida antarctica lipase B, offering very similar efficiency
for terpene ester synthesis [27]. This aspect holds significant importance
in techno-economic evaluations for process scale-up [28]. The trans-
esterification pathway of producing terpene esters is the more preferred
route, because during esterification, the presence of acid (acyl donor)
around enzymes reduces the pH of the surrounding environment and
disrupts the aqueous layers of enzymes [29]. An advantage of using a
vinyl ester as the acyl donor in transesterification, as opposed to acids, is
that the carboxylic group of vinyl ester does not have a pH effect on the
enzyme [30]. Furthermore, vinyl acetate has been extensively studied as
an activated acyl donor with high reaction conversions for enzymatic
synthesis of terpene esters and acetamides [31,32]. Additionally,
esterification generates water as a reversible reaction, necessitating
continuous water removal to favour the forward reaction. Trans-
esterification eliminates this issue as it forms a vinyl alcohol as a
by-product which instantly tautomerises into acetaldehyde, promoting
the forward direction [33]. Therefore, vinyl acetate was selected as the
acyl donor in this study. It is vital that every aspect in the production of
esters align with environmentally friendly practices, such as for the
choice of solvent. Organic, non-polar solvents like hexane [34] and
toluene [35] are essential to maintain the lipase activity but are not
favourable due to high toxicity. Ethyl acetate is a green and a safe
alternative solvent which has shown minimum disruption to lipase ac-
tivity [36]. Hence, greener solvents such as ethyl acetate are increas-
ingly becoming solvent of choice [23,24] and has been used as the
solvent in the current study.

Reports on the lipase-catalysed transesterification of terpene alcohol
mixtures derived from plant and flower extracts are limited. For
instance, enzymatic transesterification of palmarosa oil [37] has been
reported, wherein vinyl esters of propionate, acetate, and crotonate
were selected as acyl donors. The results showed 20-100 % conversion
within 27-168 h of reaction time. Lipase-catalysed transesterification of
various essential oils using vinyl acetate, such as citronella oil, was
studied by Amaral et al. [38]. A 90-100 % conversion of primary terpene
alcohols in various essential oils was achieved for a reaction time of 24
h. In the present study, only the concentration of citronellol was varied
as it is present at a higher percentage in rose and geranium essential oils
than geraniol [14,15]. This allows the simulation of the heterogeneous
composition of terpene alcohols present in rose essential oil and a more
realistic application of the reaction kinetics. However, none of the above
studies have reported the enzymatic kinetic modelling of a mixture of
terpene alcohols.

Kinetic modelling is vital for process scale-up, reactor design, and
product quality control. The kinetics and mechanisms of enzyme-
assisted single alcohol transesterification have been reported in the
literature [22-27]. The ping-pong bi-bi (PPBB) and ternary complex
(TC) mechanisms are mostly used to describe the two-substrate re-
actions. Kinetic constants are generally evaluated by assessing initial
rate measurements [45]. Competitive inhibition by either a substrate
[46] or product [26] has been well-reported for enzyme-assisted trans-
esterification reactions. However, in another case, a more complex
model described by Mitchell and Krieger [47] expresses the PPBB model
in terms of specificity constants.

This study aims to demonstrate, for the first time, a systematic ki-
netic modelling governing the simultaneous transesterification of gera-
niol and citronellol using PFL. This work reports the optimisation of the
simultaneous synthesis of geranyl and citronellyl acetate with the help
of previous individual transesterification assays, which was then used to
evaluate the kinetics of the simultaneous transesterification reaction.
PPBB and TC mechanisms have been used and validated with root mean
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Fig. 1. Annotated experimental setup for transesterification of terpene
alcohol(s).

square error (RMSE) values. Preliminary results from the successful
transesterification of rose geranium oil as a model feedstock under the
optimised conditions are also presented.

2. Materials and methods
2.1. Materials

All chemicals used were procured from commercial suppliers and
used as received without further purification. Citronellol (95 %) was
supplied by Acros Organics, geraniol (98 %) and vinyl acetate (99 %)
from Sigma-Aldrich and ethyl acetate (99.9 %) from VWR Chemicals.
Amano lipase from Pseudomonas fluorescens (activity 20,000 U/g) was
obtained from Sigma-Aldrich as the biocatalyst for all reactions.

2.2. Enzyme-assisted transesterification

2.2.1. Reactor setup

The experimental setup is illustrated in Fig. 1. The reactions were
conducted in a Radley-insulated reactor carousel consisting of 20 cm?
sealed glass tubes and a stirring hotplate. Ethyl acetate (10 mL) was
initially added to the tubes by using magnetic stirrers and heated to
40 °C at a stirring speed of 250 rpm for 5 min. A previous study by the
group (unpublished work) has optimised the reaction temperature
(40 °C) and stirring speed (250 rpm), and these conditions were used for
the rest of the reactions in the study. Additionally, previous research by
Shivaprasad et al. [36] illustrated that the transesterification of alcohol
with ethyl acetate alone showed no reaction conversion.
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Fig. 2. Overall chemical equations for synthesising geranyl (a) and citronellyl (b) acetate using vinyl acetate created with ChemDraw.

2.2.2. Single alcohol transesterification

For single alcohol transesterification, the alcohol concentration is
kept constant at 0.1 M and the vinyl acetate is varied from 0.1 to 0.4 M to
ensurea 1:1, 1:2, 1:3 and 1:4 M ratio (alcohol:vinyl acetate). Then, 10 wt
% lipase catalyst (in relation to the mass of alcohol) was added. The
overall equations for the transesterification of geraniol and citronellol
with vinyl acetate are shown in Fig. 2a and b.

2.2.3. Simultaneous geraniol and citronellol transesterification

Similarly, the simultaneous synthesis of geranyl and citronellyl ac-
etate was carried out in carousel tubes by first heating 10 mL of solvent
at 40 °C. Equimolar concentrations of geraniol and citronellol (0.1 M)
were then added. In other tubes, various concentrations of citronellol in
the solvent was studied from 0.1 M to 0.4 M with an increment of 0.1 M
and fixed vinyl acetate concentration. This simulates the composition of
the major terpene alcohols in rose essential oils. To investigate the in-
fluence of acyl donor concentration on the rate of ester production, the
reactions were studied at varying molar ratios of geraniol to vinyl ace-
tate (1:4, 1:8,1:12, and 1:16), that is, vinyl acetate concentrations of 0.4,
0.8, 1.2, and 1.6 M. An enzyme loading of 10 wt. % for geraniol, and all
other conditions were identical to those of the single transesterification
procedure. Aliquots of 100 pL were withdrawn periodically for the first
30 min and then every hour until the 6th hour. The samples were diluted
with 900 pL ethyl acetate solvent for analysis. The final sample was
collected 24 h after starting the reaction.

2.3. Sample analysis

The extent of conversion of the terpene alcohols was analysed using a
gas chromatography-mass spectrometry (GC-MS) system. Agilent 7920A
gas chromatograph (GC) was coupled with an Agilent 5975C mass
spectrometer (MS), with a capillary column of 5 % phenyl methyl-
polysiloxane (30 m x 250 pm x 0.25 pm). The method was previously
developed by the research group which will be adopted in this study.
Helium is used as the carrier gas at 3 mL/min with a split ratio of 1:100,
injection volume of 1 pL and inlet detector temperature of 250 °C. The
column oven program temperature began at 70 °C held for 1 min, then
increased to 180 °C at a ramp speed of 10 °C/min and held at 180 °C for
1 min. A solvent delay of 4 min was set to drive off the ethyl acetate
solvent. Agilent Enhanced Data Analysis and its NIST library was used to
identify and confirm the presence of terpene esters. The conversion is
acquired from the percentage of each component’s peak area. The
concentration of each substrate is then calculated using their respective
stoichiometric equation.

2.4. Kinetic studies

A transesterification reaction occurs when the alcohol reacts with

vinyl acetate to produce an ester, and the vinyl alcohol instantly tau-
tomerises into acetaldehyde. The reaction mechanism can be predicted
by performing the reaction at various experimental conditions, and the
mathematical model can be derived. A concentration vs. time graph was
plotted for different concentrations of citronellol at a specific molar
ratio, and a polynomial curve was fitted. The polynomial is then derived
to find the initial rates at t = 0 [43]. For a reaction involving two sub-
strates and subsequently two products, the two most common mecha-
nisms proposed to model the synthesis of esters are the non-sequential
PPBB and the ordered TC mechanisms [48]. The distinguishing feature
of the PPBB mechanism involves temporarily modifying the enzyme into
an intermediate form during the process. The reaction then progresses
by releasing one or two products while adding the two substrates. In case
of the TC mechanism, two of the substrates bind to the enzyme before a
reaction begins and subsequently proceeds to form the products [49].

Egs. 1 and 2 illustrate Cleland’s overall PPBB and TC mechanism
equations, respectively [50]. The variable r is the rate of reaction (M/h),
I'max iS the maximum rate (M/h), Ca and Cg are the concentrations of
substrate A and B (M), respectively, Kma and Kp,p are their Michae-
lis-Menten constant (M), and lastly Kja and Kjg are their respective
competitive inhibition constants (M). SPSS Statistics was utilised to
perform a nonlinear regression analysis to determine the constants. The
initial rates found from the concentration profile graph is compared with
the theoretical values calculated using the two models. A nonlinear
regression analysis with 95 % confidence interval was performed for
each set of molar ratio in SPSS for kinetic modelling purposes.

r= rmaxCACB (1)
KnaCs (1 + fj—ﬁ) + KugCa (1 + 1%) + CaCg
r= rm::\xCACB (2)

KiaKmp + KuaCp + KipCa + CACp

The kinetic mechanism of the enzyme assisted simultaneous trans-
esterification was investigated using initial rate measurements, in which
the concentrations of both substrates (alcohol and vinyl acetate) were
varied systematically, and the results were analysed. The initial rates, V,
as a function of the terpene alcohol or the vinyl acetate concentration,
were fitted to the two models using nonlinear regression. A constraint
was set wherein each variable is equal to or greater than 1076 to pre-
vent negative output values.

3. Results and discussions
3.1. Single alcohol transesterifications

3.1.1. Effect of mole ratio on the conversion of geraniol and citronellol
The molar ratio of the substrates plays an important role in
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Fig. 3. Changes in the percentage conversion of geraniol over time at reaction
conditions: geraniol, 0.1 M; vinyl acetate, 0.1-0.4 M; enzyme loading, 10 wt%
of geraniol; temperature, 40 °C; agitation speed, 250 rpm.
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Fig. 4. Changes in the percentage conversion of citronellol over time at reac-
tion conditions: citronellol, 0.1 M; vinyl acetate, 0.1-0.4 M; enzyme loading,
10 wt% of citronellol; temperature, 40 °C; agitation speed, 250 rpm.

transesterification [51]. The present study showed a strong dependence
on the concentration of alcohol in the acyl donor for the trans-
esterification of geraniol (Fig. 3). Under the tested conditions, the con-
version of geraniol increased with increasing acyl donor concentration,
with the highest conversion (42 %) obtained within 6 h at a 1:4 molar
ratio of geraniol:vinyl acetate. After 24 h, 95 % conversion was ach-
ieved, and a full conversion was observed after 48 h (Supplementary
Information Fig. A2). A previous study by Lisa et al. [17] for a similar
reaction using an immobilized Pseudomonas sp. lipase, achieved similar
conversions of 70-78 % after 24 h.

The increase in conversion with elevating vinyl acetate concentra-
tions indicated that vinyl acetate had no inhibitory effect. Devi et al.
[34] observed a similar trend in their study using ethanol trans-
esterification with butyric acid, wherein the acyl donor does not deac-
tivate or disturb the water layer surrounding the lipase surface. The full
conversion was feasible as the vinyl alcohol produced concomitantly
tautomerised to acetaldehyde, which is the more stable form. Acetal-
dehyde is no longer a substrate for the reverse reaction, resulting in an
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irreversible transesterification system [52].

Similarly, the effect of acyl donor concentration was studied for the
same concentration range for the transesterification of citronellol. From
Fig. 4, the citronellyl acetate yield increased from 23 % to 41 % at the
6th hour with an increase in the molar ratio of citronellol to vinyl acetate
(1:1 to 1:4). After 24 h, the maximum conversion (88 %) with a molar
ratio of 1:4 was observed, which later reached 100 % after 48 h (Sup-
plementary Information Fig. B2). The results showed that increasing the
vinyl acetate concentration facilitated the forward reaction, and no
competitive inhibition by the acyl donor was observed within the range
studied. A similar study conducted by Dhake et al. [31] on citronellol
transesterification with vinyl acetate showed that increasing the molar
ratio significantly improved the conversion rates up to a 1:6 ratio of
citronellol to vinyl acetate. They achieved a maximum citronellol con-
version of 91 % after 12 h.

3.1.2. Kinetic modelling of single alcohol transesterifications

The effect of substrate concentration on the enzymatic synthesis of
terpene esters has been the focus of numerous studies, as it is an
important factor in kinetic modelling [53]. From Figs. 3 and 4, the initial
reaction rate is shown to increase with increasing concentration of vinyl
acetate. Likewise, the rate of reaction increased with increasing geraniol
and citronellol concentrations; however, it started to decrease from 3:1
onwards, which may indicate that there was not enough vinyl acetate
present for the stoichiometric chemical reaction and that the alcohol
hindered the catalytic site of the enzyme. Compounds that slow down
enzyme-catalysed reactions are called inhibitors [54]. Competitive in-
hibition can occur in the transesterification reaction by one or both of
the substrates by reversibly binding with lipase, which causes the
enzyme to function at reduced rates [55]. Because the inhibitor binds
reversibly, the substrate can compete with the other complexes at high
concentrations. Therefore, at higher concentrations of geraniol above
0.3 M, it could inhibit lipase activity, thereby reducing the reaction rate.
The kinetic models PPBB and TC mechanisms were validated using
nonlinear regression based on the initial rates:

max CaoC
fo= T, A0'“-B0O 3)
KuaCgo (1 + %) + KupCao (1 + %) + CaoCgo
maXC C
Iy = T, A0 B0 )

KiaKmg + KinaCgo + K Cao + CaoCgo

For the transesterification of geraniol, the results of the curve fitting
of the TC model showed the best fit with an RMSE of 4.7 x 10~* (Sup-
plementary Information Fig. A1). RMSE calculates the standard devia-
tion of the residuals (prediction errors) between the predicted values
from the model and actual observed values. The kinetic constants for the
TC model were: rpax = 0.229 M/h, Kpa = 1.847 M, Kig = 0.831 M, and
K;a = 0.839 M. It was observed that the Michaelis-Menten constant (K;,)
for vinyl acetate was much lower than that of geraniol, suggesting a
greater affinity towards the enzyme, indicating that vinyl acetate first
binds to the lipase. The present results agree with previous geraniol
transesterification study using Pseudomonas cepacia (bacterial) lipase by
Badgujar and Bhanage [56], who observed a TC mechanism with gera-
niol inhibition. However, a previous study by Chulalaksananukul et al.
[39] observed a PPBB mechanism with geraniol inhibition when
immobilised Rhizomucor miehei (fungal) lipase was used. These results
suggest that the enzyme mechanism depends on the source of the lipase,
for example, from bacteria.

According to reports in the literature, vinyl acetate first binds to
lipase to form a lipase-vinyl acetate complex, which is then followed by
a nucleophilic attack by terpene alcohol, forming a ternary complex.
This complex isomerises, releasing the first product (vinyl alcohol) with
the concomitant tautomerisation of the alcohol to acetaldehyde. Then,
the complex containing lipase and geranyl or citronellyl acetate breaks
down to release ester. An illustration of this mechanism is presented in
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Fig. 6. Effect of alcohol concentration on the conversion to terpene esters (Reaction conditions: citronellol, 0.1-0.4 M; geraniol, 0.1 M; molar ratio, 1:4; enzyme

loading, 10 % wt. of geraniol; temperature, 40 °C; agitation speed, 250 rpm).

Fig. 5.

Likewise, both mechanisms were also tested and validated for
citronellol transesterification. The results of the nonlinear regression
from Supplementary Information Fig. B1 showed a better fit for the TC
mechanism however with only 8 % lower RMSE (rpax = 0.277 M/h, Kya
=1.933 M, K, = 0.626 M, and Kjp = 0.641 M). This may suggest that
the reaction may fit either mechanism. We predict that the ordered bi-bi
i.e., the TC complex may have evolved into random bi-bi (PPBB)
mechanism as the evolution of a completely specific active site is diffi-
cult, therefore promiscuous activities commonly occur [57]. This is
consistent with what has been found in previous findings by Xiong et al.
[42] using the same lipase (PFL), which reported a PPBB model for
synthesising citronellyl ester. Additionally, a study on the

transesterification of citronellol with vinyl esters by You et al. [45] and
Yadav and Borkar [43] found evidence of a PPBB mechanism with
citronellol inhibition.

3.2. Simultaneous geraniol and citronellol transesterification

3.2.1. Effect of alcohol concentration and type

The highlight of this study is the simultaneous transesterification of
geraniol and citronellol. Using the optimised conditions for the enzyme
loading (10 wt% alcohol), temperature (40 °C) and stirring speed (250
rpm), the simultaneous transesterification was evaluated to determine
the best molar ratio of alcohols to acyl donor as there are now two
different alcohols present in the mixture. Fig. 6 illustrates the conversion
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Fig. 7. Space-filling structure of a) geraniol and b) citronellol created with Chem3D.
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Fig. 8. Comparison of the effect of molar ratio (geraniol:vinyl acetate) towards
the initial rates of the reaction at: 0.1 M geraniol, 0.4 M citronellol, enzyme
loading of 10 % wt. of total alcohol, temperature of 40 °C, and agitation speed
of 250 rpm.

vs. time graph for the conversion of citronellol and geraniol at varying
citronellol concentration with a fixed 1:4 molar ratio of alcohols to vinyl
acetate.

The results show that increasing the concentration of citronellol
increased the conversion rate for both alcohols, such as when citronellol
isat 0.1 M (5.4 % conversion) and at 0.4 M (13 % conversion) after 1 h.
This is consistent with what has been found in previous study by Yadav
and Lathi [11] for the synthesis of citronellyl laurate. Transesterification
occurs when the enzyme’s adsorbed water layer meets the organic
phase. As organic substrates have poor solubility in aqueous medium,
geraniol and citronellol will have difficulty diffusing through the water
layer of the enzyme. Accordingly, with low concentration of citronellol,
the molecules slowly diffuse from the bulk solution to the enzyme water
layer, resulting in a slower initial rate. Hence, an increase in the citro-
nellol concentration reduces the diffusion limitation. There appears to
be a threshold value in which the transesterification is not diffusion
limited, wherein there is no longer diffusion limitation at 0.4 M con-
centration and above, although this can also have an enzyme-inhibiting
impact [26].

Additionally, the results show that geraniol consistently produced a
greater conversion than citronellol. For example, at equimolar concen-
trations of alcohols (0.1 M), the conversion is 56 % and 26 % for geraniol
and citronellol, respectively. When the concentration of citronellol is
increased to 0.4 M, its conversion (59 %) is still much lower than ge-
raniol conversion (89 %) after 6 h. Identical trends can be seen at
different molar ratios 1:8, 1:12 and 1:16 shown in the Supplementary
Information Fig. C1 to C3. The maximum conversion reached was found

at molar ratio of 1:8, 0.1 M of geraniol and 0.4 M citronellol, with 66 %
of citronellol and 94 % for geraniol within 5 h. After 24 h, geraniol
reached a full conversion whereas citronellol reached 87 %.

Their chemical structures can explain the difference in the conver-
sions of geraniol and citronellol. The structures of geraniol and citro-
nellol differ in the number of double bonds, wherein geraniol has one
extra double bond between the 2nd and 3rd carbon atoms. As seen in
Fig. 7, the structure for geraniol is more linear, hence sterically less
encumbered than citronellol. Therefore, it is expected that geraniol is
more reactive. Similarly, Paiva et al. [58] previously observed that
increasing the number of double bonds in the hydrocarbon backbone
increase the rate of attack by lipase for the same chain length.

3.2.2. Effect of vinyl acetate concentration

The result of increasing the molar ratio of geraniol to vinyl acetate
from 1:4 to 1:8 found evidence of increased initial reaction rates (Fig. 8).
Specifically, the initial rate at a molar ratio of 1:4 was measured at 0.07
M/h, indicating a 56 % reduction compared to the rate of 0.16 M/h
observed at a ratio of 1:8. However, further increase of the molar ratio,
exceeding 1:8, resulted in a decline in the reaction rate. The reaction
mechanism may explain this: acetaldehyde is produced during the
lipase-catalysed transesterification of vinyl esters and alcohols, which is
known to deactivate microbial lipases [59]. This mechanism involves
the formation of a,p-unsaturated polyphenols, which subsequently form
stable Michael-adducts with the enzyme. As such, the presence of vinyl
acetate in large amounts leads to the formation of excess acetaldehyde,
which may inhibit the enzyme. However, Franken et al. [60] conducted
a study to determine the extent of deactivation of microbial lipases from
acetaldehyde, where PFL was one of the studied lipases. Their findings
indicated that PFL exhibits a notable degree of stability, with only
moderate reductions in enantioselectivity and activity observed in the
presence of acetaldehyde. Consequently, the inhibition effect of vinyl
acetate on the enzyme may not be as pronounced as that of geraniol or
citronellol, however this is further investigated in 3.2.4. The highest
rate in the present study (0.16 M/h) was found at a ratio of 1:8, hence
implying an optimum ratio for the reaction.

3.2.3. Effect of alcohol substrate

It is understood that the initial reaction rate also depends on the
structural characteristics of the alcohol substrate. Alcohols with
increased branching becomes more sterically encumbered, thereby less
likely to bind to the enzyme active site. The Novozym 435 enzyme has
been studied by Bauwelinck et al. [61] which aimed to test different
primary and secondary alcohols for transesterification of methyl esters.
Novozym 435 has a catalytic triad of asp-his-ser in its active site [62]
which is the same as that of PFL [63]. Notably, they observed that
Novozym 435 demonstrates stringent positional regiospecificity and
highlighted the dependence of reaction rate on alcohol linearity, length,
and positional isomerism. Consequently, bulky alcohol molecules may
encounter steric hindrance. However, both geraniol and citronellol are
primary alcohols, suggesting that limitations in reaching complete
conversion due to steric hindrance are unlikely.
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Fig. 9. Lineweaver-Burk Plot for different molar ratio of geraniol to vinyl ac-
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3.2.4. Kinetic modelling

This study focused on determining a suitable kinetic model for the
simultaneous transesterification of geraniol and citronellol. The kinetic
model established for the transesterification system was based on eval-
uating the initial rates calculated by changing the reactants’ concen-
trations [64]. The result is then plotted as a Lineweaver-Burk graph
(double inverse plot, 1/rate vs. 1/concentration) illustrated in Fig. 9,
showing that the line group is converging towards one point. Therefore,
using Cleland’s general rule [65], the reaction does not follow a ping
pong bi-bi mechanism, i.e. no parallel lines observed. Rather, it follows a
sequential mechanism i.e., a ternary complex.

From Fig. 9, it is seen that an increase in molar ratio of geraniol to
vinyl acetate from 1:4 to 1:8 cause an increase in the initial rates.
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However, no significant effect was observed beyond 1:8 molar ratio. As
discussed in 3.3.2, an increase beyond 1:8 caused a reduced conversion
which may be due to diffusion limitations and not kinetically limited.
The nonlinear regression analyses were produced to compare the val-
idity of the proposed mechanisms: TC mechanism with alcohol inhibi-
tion and PPBB. From Fig. 10, the result of the analysis showed that the
reaction relatively fit the TC model with alcohol inhibition, which is the
same as that of the single alcohol transesterification.

The values of the Michaelis-Menten constant (Ky,) for vinyl acetate in
Supplementary Information Table D1 were consistently lower than that
of the alcohol, showing that vinyl acetate has a higher affinity towards
the PFL to first form the lipase-acyl donor complex. According to the TC
mechanism, vinyl acetate with a lower K, value demonstrates a stronger
binding affinity for the enzyme. Initially, vinyl acetate binds with the
enzyme, forming a lipase-vinyl acetate complex. Then, citronellol or
geraniol latches on the active site to form a ternary complex. This pro-
cess resembles the mechanism observed in single alcohol trans-
esterifications, however there is now two nucleophiles competing for the
lipase-vinyl acetate complex, as shown in Fig. 11. Thus, the model
provides a working conceptual basis for describing the simultaneous
citronellol and geraniol transesterification mechanism.

3.3. Rose geranium oil transesterification

Preliminary studies were conducted on the transesterification of rose
oil, which is an important finding for understanding the reaction ki-
netics. The applicability of the results in 3.2 were then tested on
commercially available rose geranium oil, as shown in Fig. 12. It is
evident from the figure that the conversion of both citronellol and ge-
raniol increased with time. After 30 h of reaction, the maximum con-
version of citronellol reached 32 %, which was lower than that of
geraniol (50 %). This finding suggests that geraniol is more reactive
owing to the extra double bond, as discussed in 3.2.1. Similar obser-
vations were reported by Claon and Akoh [66], where the yield of ger-
anyl esters was found to be higher than that of citronellyl esters under
identical operating conditions. Subsequently, they also reported that all
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Fig. 10. Curve fitting for ternary complex mechanism at different (geraniol:vinyl acetate) molar ratios wherein: (@) experimental values, (—) simulated values at a)
1:4 (RMSE = 0.007), b) 1:8 (RMSE = 0.016), ¢) 1:12 (RMSE = 0.007) and d) 1:16 (RMSE = 0.011). Confidence interval of 95 %.
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Fig. 12. Conversion at different times for the PFL-assisted rose oil trans-
esterification at 1:8 (rose oil:vinyl acetate), 40 °C temperature and 250 rpm
stirring speed.

four lipases studied for producing terpene esters, including PFL, showed
greater affinity for geraniol than for citronellol.

Citronellol exists in nature in two enantiomeric forms, (R)-(+) and
(S)-(—), and both forms can be present in rose oil [67]. Previous studies
by Baser and Ozek [68] indicated that most essential oils contain
enantiomeric compounds. Additionally, Chanotiya and Yadav [69] re-
ported that the chiral molecule linalool is present in various essential
oils with different enantiomeric distributions. A possible explanation for
the lower yields of citronellyl acetate compared with geranyl acetate is
the difference in the rate of reaction between the two enantiomers of
citronellol. This is also in line with the previous finding by Agustian et al.
[70], which demonstrated that lipase showed better conversion towards
one enantiomer for the transesterification of racemic atenolol. Wang and
Linko [71] also showed that lipases show enantioselectivity towards
(R)-(+)-substrates for the synthesis of citronellyl butyrate.

The two enantiomers of citronellol exhibit different characteristics.
The (S)-(—)-enantiomer has a delicate fresh rose smell and a sweet
peachy flavour [72]. In contrast, the (R)-(+)-enantiomer has a stronger
floral smell and a bitter taste. These characteristics play a key role in the
flavour and fragrance industries. Therefore, further research in this area
may include the study of the enantiomeric composition of citronellol in
rose oils, as well as its kinetic resolution.

4. Conclusion

Flower waste is a promising alternative source of sustainable
terpene-derived chemicals for the fragrance and flavour industries. Due
to the heterogeneous composition of the flowers, it is crucial to evaluate
the reaction kinetics to facilitate its valorisation. This study provides an
investigative kinetic study of the simultaneous transesterification of
citronellol and geraniol using Pseudomonas Fluorescens lipase (PFL).
The highlight of the study is the simultaneous production of geraniol and
citronellol esters with a maximum yield of 66 % citronellyl acetate and
94 % geranyl acetate after 5 h. The results were attained under the
conditions: 0.4 M citronellol, 0.1 M geraniol, 1:8 molar ratio of geraniol
to vinyl acetate, a temperature of 40 °C, a stirring speed of 250 rpm and
an enzyme loading of 10 wt % of geraniol. Geraniol exhibited higher
conversion than citronellol under all conditions, which can be attributed
to the difference in their chemical structures. An additional double bond
in geraniol likely contributes to its increased reactivity compared to that
of citronellol. The present kinetic modelling findings indicated that the
simultaneous transesterification reaction followed a ternary complex
model with competitive alcohol inhibition.

Preliminary transesterification of commercially available rose gera-
nium oil was performed to test the optimised protocol. The results
showed that geraniol exhibited greater reactivity than citronellol,
reaching 50 % conversion after 30 h in comparison to 32 % for citro-
nellol. The intricacies of the enantiomeric composition of citronellol,
commonly found in most rose oils, suggest a potential influence on the
overall reaction kinetics, likely resulting in a comparatively slower rate
relative to geraniol. To deepen our understanding, the enantiomeric
composition of citronellol and the kinetic resolution of rose oils should
be investigated. To the best of our knowledge, this is the first study on
the simultaneous transesterification of geraniol and citronellol, which
provides key knowledge for future research aimed at optimising and
scaling up transesterification reaction of the terpene alcohol mixture.
This approach can be applied to combinations of terpene alcohols and
the wide range of profiles encountered across the many varieties of
flower essential oils.
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