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Abstract: Pyrolysis of quercetin-3-O-rutinoside or rutin and its esters were
investigated. Purified ester samples were prepared from lipase-catalyzed ester-
ification of the parent flavonoid, i.e., rutin using acyl donors with different car-
bon chain length. X-ray diffraction revealed the presence of crystalline peaks in
the rutin esters. The degradation activation energies (£,) as a function of con-
version degree o were determined using Kissinger—Akahira—Sunose and
Flynn—Wall-Ozawa methods, with corroborative results. Disparity in E, imp-
lies distinct thermal degradation routes. For all studied compounds, degradation
is a non-spontaneous process. The presence of acyl moieties and their corres-
ponding carbon chain length in relation to thermodegradation profiles, E,,
entropy (AS) and enthalpy (AH) changes of the pyrolysis are discussed.

Keywords: activation energy; ester; flavonoid; pyrolysis; thermogravimetry.

INTRODUCTION

Quercetin-3-O-rutinoside, or known simply as rutin is a flavonoid with 3-
-hydroxyflavone backbone comprising of quercetin and disaccharide rutinose
(glucose and rhamnose). Rutin is well known for its powerful antioxidant pro-
perties!-2 alongside multiple pharmacological activities that include anti-inflam-
matory,3-4 anti-diabeticS and anti-leukemia.® It has been shown that rutin prepar-
ation as a highly purified nanocrystal significantly improved its physicochemical
properties, particularly its oral bioavailability.’

The potential of flavonoids in theranostic application is limited by their low
stability and solubility in the fatty- and aqueous milieu, respectively. To circum-
vent a number of disadvantages in the traditional chemical synthesis, employing
lipase-catalyzed acylation of flavonoid with fatty acid is highly precise for intro-
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824 RAZAK and ANNUAR

ducing non-polar group to the former. Enzymatic acylation of flavonoids has
been reviewed by the previous literature.8-10 The reaction is affected by crucial
variables such as acyl donor, acyl acceptor, ratios of reactants, and nature of
solvent, temperature, reaction time and water content.

Among the flavonoids, there is a strong interest in the synthesis of rutin
esters as they possess wide biological activities and pharmacological effects.
Rutin esters exhibit higher antioxidant properties in the various experimental
conditions studied,!1-13 protect LDL cholesterol from oxidation in vitro,!4 inhi-
bit sarco/endoplasmic reticulum Ca2"-ATPase activity,!5 induce the significantly
higher levels of micronucleil® and decrease the production of vascular endo-
thelial growth factor in human K562 lymphoblastoma cells.!” Recently, Cardona
et al. demonstrated that rutin fatty ester formulation with 10 % poly [dimethylsil-
oxane-co-(3-(2-(2-hydroxyethoxy)ethoxy)propylmethylsiloxane] (PDMSHEPMS)
showed significant increase in mucus permeation compared to the formulation
without when tested in self-emulsifying delivery system (SEDDS) for oral
administration.!8 Researches have shown that rutin esters can be potentially
applied in the pharmaceutical, food and cosmetic industries.8-10

In this study, rutin esters were synthesized via optimized lipase-mediated
esterification of rutin, followed by their subsequent isolation to obtain analytical
quantity of purified compounds for thermogravimetric studies. X-ray diffraction
(XRD) was employed to study the crystallinity properties of purified rutin esters
viz. rutin laurate, rutin myristate, rutin palmitate relative to the parent molecule,
i.e., rutin, along with their thermal degradation attributes; addressing an import-
ant gap in the literature on the pyrolysis of high value flavonoids and their fatty
acid esters. Kissinger—Akahira—Sunose (KAS) and Flynn—Wall-Ozawa (FWO)
methods were adopted to calculate the activation energies associated with calori-
metric investigation of rutin and its esters. The findings provide insights on ther-
mal degradation behavior of these valuable compounds; aiding product develop-
ment alongside potential processing routes for the flavonoid esters.

EXPERIMENTAL
Materials
Lipase from Candida antarctica immobilized on acrylic resin (CAL-B), molecular sieve
4 A, and the acyl acceptor, rutin were purchased from Sigma—Aldrich. Acyl donors viz. lauric
acid (dodecanoic acid), myristic acid (tetradecanoic acid) and palmitic (hexadecanoic acid),
acetone, ammonium formate, methanol and acetic acid were supplied by Merck. Analytical
grade solvents and reagents were used as received.

Enzymatic synthesis of rutin ester

The reaction conditions are adopted from the earlier work.!® Three different carbon chain
lengths of acyl donor are selected, i.e., lauric acid (C-12), myristic acid (C-14) and palmitic
acid (C-16) for esterification. Filtered rutin (5103 M) and fatty acid (0.25 M) were solu-
bilized in 5 mL acetone previously dried with 4 A molecular sieves. Direct esterification was
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PYROLYSIS OF RUTIN ESTERS 825

started by the addition of 50 mg of immobilized lipase. The reaction was carried out in screw-
-capped glass tubes shaken horizontally at 200 rpm, 55 °C. After 96 h, 0.2 mL aliquot from
the reaction mixture was sampled. Each sample was dried at 70 °C, and re-suspended in 1 mL
of methanol and filtered through a 0.22 um PTFE filter for subsequent analysis by HPLC.
Three independent replicates were made for every measurement. Control experiments (with-
out catalyst) were also conducted in parallel.

In order to study the effects of selected reaction parameters, experimental design using
full factorial design (FFD) was devised in MINITAB® 15 software. The effects of three key
variables viz. acyl donor concentration (M, represented by lauric acid), temperature (°C) and
enzyme loading (g) were initially screened using full factorial design (FFD). Lipase-catalyzed
synthesis of rutin ester was performed in random triplicates with lowest, middle and highest
factor levels (Supplementary material to this paper, Table S-I). The effects of studied vari-
ables were evaluated in terms of rutin ester yield as the response output.

With three variables, each studied at three levels (minimum, middle and maximum point
values), there were 27 experimental runs including triplicates generated by MINITAB® 15
software. The design was completely randomized along with the sampling.

High performance liquid chromatography (HPLC)

Quantitative analysis of rutin and its esters were performed in a HPLC (Jasco, Japan)
system equipped with degasser (DG 980 50), binary pump (PU 980), auto sampler (AS 950),
column oven (CO 965) and ultraviolet (UV) detector (UV 975). The detector was operated in
ultraviolet wavelength detection at 280 nm. A Chromolith® HR RP-18¢ column (4.6 mmx10
mm, 2 pm, Merck, Darmstadt, Germany) fitted with analytical guard column (4.6 mmx10
mmx2 pum) was used for separation. The temperature of the column was maintained at 35 °C
with a flow-rate of 1 mL min’!. The injection volume was set at 20 uL. The separation of
different components of the reaction mixture was performed using a gradient of methanol (A)
and water with 0.1 % acetic acid (B) (A/B volume fraction): 0.1 (30/70), 5.0 (100/0), 10.0
(100/0), 11.0 (30/70) and 15.0 min (30/70). The conversion of reactants to acylated flavonoid
(rutin ester) was calculated as the percentage difference between initial and residual molar
concentration of rutin parent molecule:

=100 Finitial — Frcsidual (1)
[Flinitial

where [F]; ;a1 1 the initial rutin concentration and [F egiguar 1S the residual rutin concentration

in the mixture at the end of the reaction. Calibration plot for rutin was constructed using its

standard compound dissolved at different molar concentrations in methanol.

The pure rutin esters (rutin laurate, rutin myristate and rutin palmitate) were separated in
Agilent HPLC, LC 1200 (Agilent Technologies, USA) system equipped with automatic fract-
ion collector. The operating details for the separation of the mixtures are similar with earlier
mentioned method.

Conversion (%)

Liquid chromatography/tandem mass spectrometry (LC/MS/MS)

Molecular weight analyses for rutin and its esters were performed using a liquid chroma-
tograph (LC, Shimadzu, LC 20 AD, binary pump) interfaced to AB Sciex 3200QTrap LC/MS/
/MS with Perkin Elmer FX 15 uHPLC system used for integration, calibration, plotting of
LC-MS spectra and data processing, for both qualitative and quantitative analyses. A Pheno-
menex Aqua C18 reversed phase column (50 mmx20 mm, 5 pm particle size) was installed as
the stationary phase. Reaction components separation were achieved using different gradients
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of 0.1 % formic acid and 5 mM ammonium formate in water (C) and acetonitrile with 0.1 %
formic acid and 5 mM ammonium formate (D) as follows (C/D volume fraction): 0.01
(90/10), 8.00 (10/90), 11.00 (10/90), 11.10 (90/10) and 15.00 min (90/10) at a constant flow
rate of 0.25 mL min’!. The column oven temperature was operated at 40 °C with the injection
volume of 20 uL over the total running time of 15 min. The mass spectrometer was operated
in the negative turbo ion spray (ESI) mode, and the electrospray source parameters were fixed
as follows: electrospray capillary voltage 3.5 kV, source temperature 500 °C. Nitrogen was
used in the electrospray ionization source. The de-solvation gas and source gas flows were at
40 psi. The de-clustering potential and entrance potential were at 40 and 10 V, respectively.

Thermogravimetric analysis (TGA)

Thermal properties of standard rutin and acylated rutin viz. rutin laurate, rutin myristate,
rutin palmitate were determined using thermogravimetric analysis (TGA) performed using
Perkin Elmer TGA 4000 machine (Perkin Elmer, USA). Approximately 8 to 10 mg of the
sample was loaded onto the ceramic crucible pan. Each sample was heated from 30 to 800 °C
at multiple heating rates of 5, 10, 15 and 20 °C min™! under a nitrogen flow rate of 20 mL min™'.

Thermodynamic and kinetic analyses of thermal degradation of rutin and its esters

The activation energy (E,) values for thermal degradation of rutin and its esters were
calculated using iso-conversional method on the basis that the reaction rate depends on tem-
perature and conversion degree. Compared to model-fitting method, the kinetic approach is
preferable as it is sufficiently flexible to allow for any changes in the mechanism during the
reaction course, and mass transfer limitation is minimized by the use of multiple heating rates.
Two kinetic methods namely Kissinger—Akahira—Sunose (KAS) and Flynn—Wall-Ozawa
(FWO) were applied for the analysis of samples thermograms. Mathematical basis and der-
ivation for the analysis are provided in the Supplementary material.

X-ray diffraction (XRD) analysis

Powder X-ray diffraction (XRD) analysis was performed on the prepared sample powder
for phase identification and determination of crystallite size using a PANalytical EMPYREAN
machine (Analytical, Almelo, Netherlands). The operation voltage and current were at 40 kV
and 40 mA, respectively, with a diffraction angle from 10 to 70° applying a resolution of 26.

The average crystallite size is determined using Debye—Scherrer equation:

K
Pcosé
where D is mean crystallite size, x is coefficient equal to 0.94, 1 is the wavelength of the X-

-ray radiation used (0.15406 nm), S is full width half maximum intensity measured in radian
and 0 is the angle from the corrected position.

RESULTS AND DISCUSSION

2

Liquid chromatography/tandem mass spectrometry (LC/MS/MS)

LC/MS/MS spectra show that a single ester product is formed by the ester-
ification of each aliphatic fatty acids (Supplementary material, Fig. S-la—d).
From the representative spectrum, a distinct signal at m/z 791.4 (g = 9.64 min)
establishes that only a single lauric acid is acylated to each molecule of rutin to
yield rutin laurate (Fig. S-1b). It is also observed that longer carbon chain length
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of the acyl donor used in the reaction results in longer retention time for the acyl-
ated flavonoid, and correspondingly larger m/z value. Individual peak for rutin
myristate appears at m/z of 819.5 (fr = 10.85 min, Fig. S-1c); rutin palmitate
presents its major ion peak at m/z 848.8 (g = 12.27 min, Fig. S-1d). For each
synthesized rutin ester, consistent fragmentation pattern is evident at m/z 463.2
and 591.4 authenticating successful esterification of acyl donor molecule to the
rutin parent molecule. The exact position of the esterification in rutin molecule
has been authenticated from our previous study, i.e., acylation by the lipase enz-
yme takes place specifically on the secondary 4”-OH group of the rhamnose
moiety. !9

Effects of acyl donor carbon chain length on conversion yield

The effects of carbon-chain length of acyl donors on the lipase-mediated
esterification of rutin were investigated using aliphatic fatty acids with carbon
number ranging from 12 to 16. The progress of esterification reaction was moni-
tored for 120 h, which also included the equilibrium state. The amount of synthe-
sized rutin esters increased with reaction time. However, after 96 h, negligible
changes in the rutin ester concentration was observed attributed to the significant
amount of water product present in the reaction mixture (data not shown). At
equilibrium, comparable conversion and reaction rate were achieved for the three
types of rutin esters synthesized (Supplementary material, Fig. S-2). Similar find-
ings are reported in the literature that showed the fatty acid chain length had a
slight effect or no significant effect on conversion yield when fatty acids, of
medium and high chain length, are used in acetone media.l”-20 However, Viskup-
icova et al.!! and Ardhaoui et al.?! reported that increasing the carbon number of
the aliphatic fatty acids (from C12 up to C18) resulted in gradual decrease in con-
version yield of esters with steric hindrance and was suggested as the primary
reason. Therefore, the effect of the chain length of the fatty acid (the acyl donor)
on esterification yield is difficult to generalize and remains a matter of dis-
cussion.?

Statistical experimental design of lipase-mediated esterification

From the three acyl donors tested (C12—C16), the esterification of rutin with
lauric acid was selected as a model reaction. The effects of selected variables
namely lauric acid concentration (M, factor A), enzyme loading (g, factor B) and
temperature (°C, factor C) were initially screened using a full factorial design
(FFD). A total of 27 experimental runs were generated, and the equilibrium con-
centration of rutin laurate was assayed at 96 h. Responses for variables screening
experiments are shown in Table S-II (Supplementary material). The highest rutin
laurate molar concentration was observed when the concentration of lauric acid,
enzyme loading and temperature were specified at 0.25 M, 0.05 g and 55 °C, res-
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pectively. Conversely, the lowest rutin laurate molar concentration was obtained
at the lowest level of each variables when in combination. Detailed analysis of
the statistical experimental design results and optimization are provided in the
Supplementary material.

X-ray diffraction (XRD)

X-ray diffraction patterns of rutin and its esters are shown in Fig. S-3
(Supplementary material). The diffraction pattern provides important information
on material crystallinity including its relative difference to amorphous structure.

The average crystallite size of rutin and its corresponding esters are shown in
Table 1.

TABLE 1. Determination of crystallite size using Debye—Scherrer equation, FWHM: full-
width-at-half maximum; D: diameter

Sample 20/° FWHM/° D /nm
Rutin 15.01 0.3070 27.26
16.84 0.2558 32.79
22.24 0.3070 27.54
26.29 0.2558 33.31
Rutin laurate (R-12) 5.76 0.2047 40.59
6.79 0.2047 40.61
9.23 0.3070 27.12
23.03 0.2558 33.10
Rutin myristate (R-14) 5.74 0.2047 40.59
6.74 0.2047 40.60
9.14 0.2558 32.54
23.03 0.2047 41.37
Rutin palmitate (R-16) 5.64 0.2047 40.58
6.65 0.3070 27.07
9.00 0.4093 20.35
22.63 0.2047 41.37

Rutin exhibits intense and sharp diffraction peaks at 26 15.01, 16.83, 22.3
and 26.2° with crystallite size of 27.27, 32.79, 27.54 and 33.31 nm respectively.
These results are comparable and consistent with Samli et al. demonstrating the
crystalline behavior of rutin.22 On the other hand, X-ray diffraction of rutin esters
shift towards lower angles and exhibit similar pattern at 5.76, 6.79, 9.23 and
23.03° for rutin laurate, 5.74, 6.74, 9.14 and 23.03° for rutin myristate and 5.64,
6.65, 9.00 and 22.63° for rutin palmitate. At 26 5.64 to 5.76°, for all studied
esters, equal crystallite size is determined. Sharp peaks in diffractograms of pure
rutin and its corresponding esters specify crystalline behavior of the compounds.

The peak top position of rutin 26 26.2° shifts to lower angle (26 26.2 to 23°)
for the corresponding esters with the same peak intensity values. Interestingly, at
this angle, comparable crystallite size (33.31 nm) is observed for rutin and rutin
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PYROLYSIS OF RUTIN ESTERS 829

laurate. However, the crystallite size increases from 33.31 (for rutin) to 41.37 nm
(for rutin myristate and rutin palmitate). While minor differences are observed in
the diffractograms, it categorically excludes possible dramatic alteration in the
crystallinity of the samples. It can be concluded that the presence of fatty acid
moiety in the rutin ester results in similar crystalline behavior as in pure rutin,
and the average size of crystallite is proportional to acyl donor chain length. The
esterification of fatty acids with higher chain lengths, such as myristic acid and
palmitic acid, disrupts intermolecular hydrogen bonds, leading to the formation
of an ordered and compact molecular arrangement and consequently altering the
crystalline size of rutin. Similar pattern is observed in the modification of maize
starch by esterification with fatty acid moieties.23 This is further supported by the
entropy change values of rutin ester showing increase in orderliness with the inc-
rease of fatty acid length (AS, Table IV). In general, crystalline substances are
physically more stable relative to amorphous ones since their molecules are
arranged in a highly ordered, regular pattern.

Thermogravimetric analysis (TGA)

In this study, TGA was used to investigate the thermal behavior of rutin and
its corresponding esters. While most thermal degradation studies of rutin and
other flavonoids are associated with the thermal treatment of samples,24-26 there
is a noticeable gap in the literature concerning the use of TGA. Weight loss curve
provides the information to analyze the changes in sample composition and its
thermal stability. First derivative of the curve for a particular sample in relation
to changes in temperature is used to show the point at which weight loss is most
evident. TG and DTG curves for thermal degradation of rutin and its esters are
shown in Fig. 1, and the corresponding data are summarized in Table II.

TG and DTG curves show the degradation of rutin and its corresponding
esters occurring in four stages, indicating a complex process with multiple stages
(Fig. 1). Although the curves are not radically dissimilar, observable differences
for thermograms of rutin and its esters are apparent.

The weight of rutin parent molecule decreases gradually within the range of
30-200 °C, with a mass loss of about 6 %. Using pure rutin compound as a refer-
ence, the first degradation stage of rutin esters shifts towards lower temperature.
TG curves of rutin esters exhibit initial weight loss of 6—8 % in the temperature
range of 30-90 °C (Fig. 1a). The mass loss below 90 °C of rutin laurate is lower
than rutin myristate and palmitate (Fig. 1b). For all samples, a small region of
weight loss around 100 °C can be seen from their corresponding DTG curves
attributed to the evaporation of moisture (Fig. 1b). According to da Costa et al.
the loss of water molecules (dehydration) of rutin occurs in the first two stages
involving molecular rearrangement of rutin polymorphic structure.2’

With increasing temperature, small molecule and weak chemical bonds gra-
dually decompose and TG curves fall away. It is observed that the first and sec-
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Fig. 1. Thermal decomposition analyses of rutin and its corresponding esters at heating rate of
15 °C min’!': a) TG; b) DTG.

TABLE II. Stages and percentages of mass conversion in thermal degradation of rutin and its

esters

Sample T; Tmax . Degrada.tion stage

°C First Second Third Fourth Total
Rutin 240.07 27272 6.06 33.60 12.40 18.43  70.49
Rutin laurate (R-12) 220.19 282.05 5.89 41.74 13.70 2050 81.87
Rutin myristate (R-14) 21949 285.13 8.01 43.60 13.62 18.56  83.74
Rutin palmitate (R-16) 217.28 27886 6.84 4779 11.15 1890  84.68
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PYROLYSIS OF RUTIN ESTERS 83 1

ond degradation stages from the DTG curves of rutin esters are much higher and
sharper than for the rutin parent molecule (Fig.1b). The maximum temperature
peak (Tmax) is recorded in the second stage as drastic degradation of rutin and its
esters occur. It was also reported that for temperatures above 100 °C, a sharp
degradation of rutin was observed.24 The onset of degradation temperature
(Tinitial) 1s used to indicate resistance to thermal degradation. Rutin is thermally
stable up to 240 °C but its ester compounds exhibit lower Tipitia viz. 220, 219 and
217 °C for rutin laurate, rutin myristate and rutin palmitate, respectively (Table
II). Thermal stability of rutin esters is lower than that of rutin parent molecule by
20 °C. Rutin is a type of flavonol glycosides consisting of quercetin and disac-
charide rutinose (rhamnose and glucose). Based on isothermal profile, da Costa
et al. reported that the presence of glycoside moieties in rutin alters its thermal
degradation rate through lowering of degradation temperature compared to quer-
cetin alone.2” Relatively high temperature helps to promote the degradation of
disaccharide substitution. Introduction of acyl donor to the glycone part of rutin
culminates in a comparatively earlier onset of esters degradation. On the other
hand, it can be seen that Tj,x for the studied rutin esters are higher than that of
parent molecule, which corresponds to the decomposition of acyl donor group
present in the esters (Table II).

The second degradation peaks of rutin esters are similar to pure rutin (200 to
390 °C). Major degradation of rutin is characterized by significant mass loss, i.e.,
~34 %. With the acyl substituents, mass loss of rutin esters in the second stage
increases to 42, 44 and 48 %, respectively, due to longer carbon chain length.
Longer chain fatty acid represents higher molecular weight of acyl donor group
hence higher percentage of mass loss. Further mass loss occurs in the range of
333 to 498 °C when the evaporation of rutin and its esters come about (~18-20
%). This outcome implies that the degradation of rutin is influenced by tempe-
rature.24 Finally, the compounds gradually decompose into final products at tem-
perature above 498 °C. With longer acyl donor chain length, its decomposition
leads to higher percentage of total degradation (Table II).

TG and DTG curves of rutin and its corresponding esters at heating rates of
5, 10, 15, 20 °C min~! are shown in Figs. 2 and 3, respectively. For all samples,
temperatures of recorded degradation stages increase progressively with higher
heating rate. Maximum points of TG (Fig. 2) and minimum points of DTG
curves (Fig. 3) shift towards higher temperatures. The observation is attributed to
faster dissipation rate of heat at higher heating rate, consequently degradation
occurs at comparatively higher temperature, thus the shift of TG curves to the
right.

From the TG plot of rutin and its esters (Fig. 2), degradation starts at about
30 °C and proceed rapidly with increasing temperature until 270-280 °C. Then,
weight loss decreases slowly until final temperature. The temperatures where 50
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% weight loss (750¢) of rutin esters occur are lower than that of rutin parent
molecule. At heating rates from 5 to 20 °C min!, Tsqo, for rutin shifts from
481.93 to 485.5 °C. For rutin laurate, it is about 106 °C lower than that for rutin
(376.18 to 381.30 °C), while T5q9, for rutin myristate (345.15 to 346.31 °C) and
rutin palmitate (332.24 to 346.65 °C) are approximately 137 and 144 °C lower,
respectively. In the temperature range of 795-808 °C, degradation of studied
esters yields carbon residue approximately 20 % and below (7gg,). In contrast,
the final carbon residue from pure rutin sample is more than 20 %, corresponding
to total weight loss of 22.97, 25.62, 28.99 and 29.46 % at the heating rates of 5,
10, 15 and 20 °C min!, respectively.

100
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Fig. 2. TG curves of rutin and its corresponding esters at heating rates of 5, 10, 15 and 20 °C
min’! :a) rutin, b) rutin laurate, c) rutin myristate and d) rutin palmitate.

In the temperature range of 30-200 °C, DTG peaks of pure rutin are broader
than its esters (Fig. 3a). The tailing of the rutin peaks become prevalent as the
heating rate increases (indicated by an arrow). In the case of rutin esters (Fig. 3b—
—d), sharper peaks are observed at the early stage of degradation as heating rate
increases. Temperature at the lowest point of the DTG curve indicates the tem-
perature at the highest degradation rate. From Fig. 3, for heating rates of 5 to 20
°C min~!, maximum mass loss rate increases rapidly, viz. —=3.156 to —12.664 %
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PYROLYSIS OF RUTIN ESTERS 833

min! (259.88 to 274.57 °C), —2.579 to —14.62 % min~! (270.65 to 283.98 °C),
~2.705 to —14.88 % min~! (270.04 to 288.33 °C) and —2.96 to —13.79 % min!
(253.99 to 280.04 °C) for rutin, rutin laurate, rutin mysristate and rutin palmitate
respectively.
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Fig. 3. DTG curves of rutin and its corresponding esters at heating rates of 5, 10, 15and
20 °C min’!: a) rutin, b) rutin laurate, c) rutin myristate and d) rutin palmitate.

Activation energy in thermal degradation of rutin and its corresponding esters

Since the degradation of rutin and its corresponding esters involve multiple
stages, the iso-conversional methods (model-free approach), namely KAS and
FWO are preferred to calculate the kinetic parameters in order to better under-
stand the process. The two methods allow for estimation of activation energy (E,)
as a function of conversion degree without the need to provide pre-assumption on
the reaction function and reaction order. It allows for analysis of multi-step
kinetics as a dependence of activation energy on conversion degree, subsequently
making deductions with respect to the complexity of the process.

The regression lines based on KAS and FWO methods are presented in Figs.
S-7 and S-8 of the Supplementary material, respectively. The regression lines of
In (B/T2) versus 1/T for KAS method, and In S versus 1/T for FWO method,
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based on the same degree of conversion at different heating rates, allow for act-
ivation energy calculation from the slope. Excellent linear fitting of all data sets
were achieved with coefficient of correlation, R2 > 0.98. E, values for thermal
degradation of rutin and its corresponding esters were determined for mass con-
version range of 0.05 < a < 0.90. The range spans the four separate degradation
stages observed (Table II), for the temperature range 30 to 800 °C.

The activation energy (E,) for thermal degradation of both rutin and its
esters, when calculated using KAS and FWO methods, varies with conversion
degree throughout the degradation process. Hence, it is obvious that thermal deg-
radation of rutin and its esters proceed through a non-simple process. Never-
theless, for equal a studied, both methods yield £, values with the high degree of
agreement (Table III).

TABLE III. Activation energies calculated using KAS and FWO methods for thermal degrad-
ation of rutin and its esters

o Sample Kissinger—Akahira—Sunose Flynn—Wall-Ozawa
(KAS) method (FWO) method
E, /kJ mol'! A E, / k] mol! A
0.05 Rutin 77 1.48x1010 80 3.82x1010
Rutin laurate 81 2.25x1012 82 4.13x1012
Rutin myristate 76 3.12x10!! 78 6.51x10!!
Rutin palmitate 73 7.92x1010 74 1.83 x10M1
0.30 Rutin 205 5.23x1019 203 3.88x1017
Rutin laurate 246 2.32x10%3 243 3.05x1016
Rutin myristate 176 2.93x10'6 176 4.51x1010
Rutin palmitate 110 1.82x1010 113 1.37x1013
0.60 Rutin 218 3.49x1013 218 3.40%x1013
Rutin laurate 178 1.34x1013 180 2.11x1013
Rutin myristate 153 1.60x101! 156 3.22x10!!
Rutin palmitate 101 1.12x107 107 5.24x107
0.90 Rutin 224 1.38x10!2 228 2.45x10!2
Rutin laurate 65 144307 77 78787
Rutin myristate 66 62909 77 16028
Rutin palmitate 67 52652 78 19297

From Table III, for each a, E, calculated from both methods exhibit very
similar trend with respect to the increase in the length of carbon chain of acyl
donor with relative error less than 5 %, a considerably low hence tolerable error
range.

At the first stage of degradation (a« = 0.05), rutin and its esters show com-
parable activation energies, viz. 7381 kJ mol~! for KAS method and 74-82 kJ
mol~! for FWO method (Table III). These values are in accord with the weight
losses shown in Table II, attributable to loss of water molecules and evaporation
of volatile compounds. For pure rutin, the £, values calculated by both KAS and
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FWO methods grew larger in magnitude throughout the progressive a, i.e., 0.05
to 0.90, and increasing degradation temperature (i.e., £, 77 to 224 kJ mol~! for
KAS method; 80 to 228 kJ mol~! for FWO method, Table III). The observed
trend is in stark contrast to its corresponding esters where they exhibit a maxi-
mum in £, when o = 0.30, before it decreases, and corroborated by both KAS
and FWO methods. The observations implicitly identify distinct thermal degrad-
ation routes undergone by rutin and its corresponding esters, as most likely non-
-elementary. For a range from 0.60 to 0.90, E, values for thermal degradation of
pure rutin are consistently highest compared to its corresponding esters. E,
values for the latter increase from o = 0.05 to a = 0.30, and decrease steeply
afterwards (Table III).

For all three rutin esters, highest £, is at a = 0.30 as determined and agreed
by both KAS and FWO methods (Table III). It is hypothesized that at a = 0.30,
and coincided with the second DTG peak, the calculated £, is minimal activation
requirement for breaking of ester bond between acyl donor chain and rutin parent
molecule. The E, for decomposition of rutin ester to rutin and acyl donor fraction
is suggested to depend upon the length of acyl donor carbon chain where E,
decreases with the increase in the carbon length of acyl moiety attached to rutin
parent molecule, and it is clearly inferable from Table III with respect to a 0.30
to 0.60 as agreed by both KAS and FWO methods. It is proposed that the stable
C—C distribution within rutin parent molecule is reduced as the carbon length of
attached acyl moiety increases. The mean bond enthalpies in the aromatic rings
of quercetin and its sugar moiety are much higher than that of rutin parent mole-
cule bonded to aliphatic carbons. These results agreed with the roasting studies
by Rohn et al.28 They reported that thermal degradation behavior of several quer-
cetin glycosides are subjected to the types and position of their sugar moieties.
The main product is the aglycone quercetin which remains stable as thermal deg-
radation progresses at 180 °C for 60 min. The £, data obtained in this study,
specifically in the « range of 0.30-0.60, also implied that the rutin esters studied
may follow distinct mechanisms in their thermal degradation.

At o = 0.90, corresponding to the final degradation stage, the highest £,
value for rutin parent molecule is revealed by both KAS and FWO methods (224
and 228 kJ mol-!, respectively). For the three rutin esters, the E, values are in
range of 65 to 67 kJ mol~! obtained using KAS method, and comparably similar
at 77 to 78 kJ mol~! by FWO method. The E, value of rutin is almost three times
higher than those for its esters at a = 0.90, corresponding to the degradation of
sugar moiety of the rutin. In contrast, significantly lower E, values are deter-
mined for the three rutin esters, i.e., the energy barrier to overcome in the internal
chain breaking of separated acyl moiety during the final stage of degradation.
These results corroborate with the almost equal observed mass loss 18-20 %
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(Table II) for the three rutin esters studied. The findings made in this study agree
with da Costa et al.2>

Thermodynamic parameters of rutin and rutin esters

Thermodynamic parameters, while essential in providing insight into the
nature of thermal degradation, are often overlooked for phytochemicals that inc-
lude flavonoid compounds.2? The thermodynamic parameters in the thermal deg-
radation of rutin and its esters are summarized in Table IV.

TABLE IV. Thermodynamic parameters in thermal degradation of rutin and its esters at dif-
ferent conversion levels at the heating rate of 20 °C min!

Kissinger—Akahira—Sunose Flynn—Wall-Ozawa
(KAS) Method (FWO) method
o Sample
AH AG AS AH AG AS
kJmol'!  kJmol! JK!mol! kJmol! kJmol! JK!mol!

0.05 Rutin 75 98 —60 76 97 -52
Rutin laurate 78 84 -17 79 84 -12

Rutin myristate 73 85 34 75 85 28

Rutin palmitate 70 86 —45 72 85 -38

0.30 Rutin 200 135 119 199 135 117
Rutin laurate 242 138 188 238 137 184

Rutin myristate 171 140 57 171 139 57

Rutin palmitate 105 140 —61 108 138 —54

0.60 Rutin 212 185 37 213 185 38

Rutin laurate 172 178 -9 174 178 -5

Rutin myristate 148 180 —46 151 179 —40
Rutin palmitate 96 183 —-125 102 180 -113

0.90 Rutin 217 245 =30 220 244 -26
Rutin laurate 57 211 -163 68 258 —-188
Rutin myristate 58 208 -170 69 239 —-182
Rutin palmitate 60 211 -171 70 238 —-180

The values of AH, AG and AS calculated at different conversion levels and
the highest rate of the degradation occurrence. Positive AH indicates thermal
degradation of rutin and its esters is endothermic (Table V). These results corro-
borate the DSC results obtained by the other findings that show rutin samples
exhibit endothermic events.3031 A comparable AH value for rutin is observed at
a = 0.30 to 0.90 which maybe happen due to greater thermal resistance of the
pure rutin molecule. It is suggested pyrolytic decomposition is mainly regulated
by the stable C—C distribution. Hydrogen bonds and aromatic, © electron interact-
ions develop between the rings A and C may influence the stabilization effi-
ciency of the rutin. Lower value of AH for rutin esters corresponds to lower
energy constraint for their thermal degradation relative to pure rutin. Lower
values of AH are observed with longer acyl chain length. One plausible explan-
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ation might be that during the pyrolysis process, after the weak bonds degraded
(a = 0.05) and then aromatic, 7 electron interactions develop between the rings
started to degrade accounted for the further increase in AH and activation
energies. The whole pyrolysis is mainly controlled by 15-carbon flavone skeleton
of flavonoid rutin and its intermediate products during pyrolysis. It is hypo-
thesized that above 260 °C, degradation involves the saccharide moiety and it
interferes with the stabilization reactions.! Disaccharides are temperature-sensi-
tive, particularly during high-temperature processing. In this case, the degrad-
ation of the acylated saccharides become more profound with longer acyl chain
length reflected by lower value of AH (a = 0.30 to 0.60). The long hydrocarbon
chain allows less interactions to take place inside the aromatic rings, demanding
less energy to break these bonds. At the highest degradation (o = 0.30), the vari-
ances in positive AH values of rutin esters are calculated at 67-71, 63—66 and
130-137 kJ mol-! corresponding to differences between rutin laurate and rutin
myristate, rutin myristate and rutin palmitate, rutin laurate and rutin palmitate
respectively. The range shown is provided from calculation based on KAS and
FWO methods (Table IV).

The Gibbs energy change (AG) values calculated for thermal degradation of
rutin and its esters are positive, corresponding to a non-spontaneous and thermo-
dynamically non-favorable process. At any specific a, negligible variation of AG
between rutin and its esters are observed. For all studied compounds, the AG
values increase with temperature. At the time of this report, the AG values for
pyrolysis of crystalline, different single-type flavonoid esters are yet to be rep-
orted. Possibly related are AG values estimated for thermal degradation of total
flavonoid compound (TFC) in sweet cherries extract ranging 86—105 kJ mol~1.32

In terms of entropy change (AS, Table IV), rutin parent compound shows
positive AS indicative of its tendency towards energy and matter dispersal. Con-
versely, acylated rutins show transition from positive to negative values of AS,
which reflect less tendency towards energy and matter dispersal for them. It is
inferred that the acylation of rutin results in ester compounds that are not likely to
be progressing towards a state of disorder. Reduced energy is needed as the com-
pounds adopt more ordered structures.

CONCLUSION

Analyses of activation energy as a function of conversion degree, alongside
thermodynamic parameters in the pyrolysis of rutin and its fatty acid esters filled
an important void in the literature, and yield useful insights to potential product
processing and development routes. Significant variations in activation energies
were seen with conversion levels for rutin and its esters ranging from 65 to 246
kJ mol~!. The AH (60 to 242 kJ mol-!) and AG (84 to 245 kJ mol!) values for
all compounds were positive, indicating endothermic and non-spontaneous nature
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of pyrolysis. AS shows significant variation with conversion levels ranging from
—188 to 180 J K-1 mol-!l. This clearly represents complex chemistry of thermal
conversion with reactions of widely varying kinetic character occurring at differ-
ent stages of conversion.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12453, or from the corres-
ponding author on request.
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HcTpaxiBaHa je MHUpou3a KBepueTHH-3-0O-pyTHHO3HUA WIH PYTHHA, U HBEerOBUX ecTapa.
[Tpeuynurheny y3opuu ectapa Cy NPUIPEeMIbEHH JTMIa30M-KaTalu30BaHOM ecTepudrKalijoM
nosnasHor IaBOHOUA], Tj. PyTHHA, kopucTehy auwn JoHOpe ca PasNIuYUTOM LYKUHOM YIJbe-
HUYHOT naHIa. Judpakndja X-3paka je OTKpHIa IMPUCYCTBO KPUCTAIMHHYHHUX ITMKOBA KO
ecrapa pyTHHa. AKTHUBallMOHE eHepryje Aerpanauvje (Ea) kao QyHKUHMje CTENeHa KOHBEP3Hje
onpehene cy metonama Kissinger—Akahira—Sunose u Flynn—Wall-Ozawa, ca y3ajamHO mnojp-
xaBajyhum pesyntatuma. Henonynapawe y Ea UMIUTHIMPA PA3/IMYUTE IyTeBE TEPMaJTHe Jer-
pamauuje. 3a CBa UCNIMTHBAHA jeIUBEHA, Jerpajalyja HUje CIoOHTaH mpouec. IIpucycTso anun
CTPYKTYPHHUX e/leMeHaTa ¥ Ay)KHHa HHUXOBUX JIaHAlla YI/beHUKa AUCKYTOBAHO je y OJHOCY Ha
TepMozerpagauuoHe npodune, E. u mpomeHa entponuje (AS) v entannuje (AH) npy NUPOIU3H.

(ITpumsbeHo 24. jyna, pepunupaHo 27. centemdpa, npuxsaheno 2. janyapa 2024)
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