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Abstract: The present study shows the results obtained in the ultrasonic synthesis of sucrose esters with
lauric acid, the identification of products, and the study of their possible use as bio-additives with a
plasticizing effect in the processing of plastics. Fourier transform infrared spectroscopy (FTIR) and
NMR (*H and 3C NMR) were used to identify the synthesized esters. The plasticizing effect of sucrose
laurate was assessed by determining the glass transition temperature of thin polyvinyl chloride films by
differential scanning calorimetry (DSC). The results show a decrease in the glass transition temperature
with an increase in the ester concentration in the polymer, which confirms the plasticizing effect of the
obtained esters.
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1. Introduction

Ever-expanding resource consumption and high environmental requirements imply the
search for alternative, more efficient, eco-friendly synthesis methods, as well as the reduction
and recovery of industrial waste [1-5]. Various approaches are applied in chemical technologies
to intensify processes depending on the type and conditions of their behavior. Ultrasonic
chemistry (sonochemistry) is one of the modern strands of "green chemistry" associated with
the application of ultrasonic energy to chemical effects [1, 6-8]. The main advantages of
sonochemistry are the use of safer chemicals, reducing energy used, and improving the
selectivity of the reaction. In many cases, ultrasonic impact facilitates the course of chemical
reactions, stimulating higher efficiency and effectiveness [10-12]. Sonochemistry is unique to
the phenomenon of cavitation, which is currently the subject of intensive scientific research.
This process is characterized by the liquid's formation, growth, and implosion of gas
microbubbles [13-18]. As microbubbles break down due to cavitation, very high pressure and
temperature are generated inside them. This specific energy provides the possibility of the
interaction of substances in a solution [19-23].
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A plasticizer is a substance that is added to a material to make it softer and more
flexible, increase its plasticity, decrease its viscosity, or decrease friction during its
manufacturing handling.

The selection of substances with a similar function shall be carried out according to
criteria, including requirements for low toxicity, optimal mixability, low migration, low
volatility, etc. The most commonly used plasticizers in the processing of plastics, e.g.,
polyvinyl chloride (PVC), are carboxylic acid esters with linear or branched aliphatic alcohols
of moderate chain length.

Among the plasticizers used in the processing of polymers, phthalates have the greatest
application. Their acute toxicity is very low, but the subchronic and chronic effects are
significant, both phthalates and their metabolites. This requires the search for safer and, at the
same time, suitable plasticizers for plastics.

The interest in sucrose esters, which are surfactants and environmental products by
themselves, has attracted the attention of researchers and manufacturers because renewable, readily
available, and inexpensive raw materials, such as sucrose and fats/oils, are used to prepare them.
Sucroesters are non-toxic, biocompatible, and biodegradable products widely used in food
technology, cosmetics, and medicine [24].

Chang et al. have shown that many conventional reactions used to obtain functional
carbohydrate derivatives can be carried out by impact with ultrasound [25].

Sucrose esters of fatty acids are synthesized by transesterification of sucrose with
aliphatic esters by ultrasound. Factors influencing yield, including the type and concentration
of catalyst, reaction time, and pressure, were studied [13-34].

The effect of sucrose and a mixture of GLY/sorbitol has been studied, in addition to
GLY, urea, and sorbitol as plasticizers of starch films [35, 36]. A similar study examined the
effect of sucrose and invert sugar on the mechanical properties, hydrophilicity, and water
activity of starch films [24]. In addition, the mechanical properties of sucrose, oleic acid,
sorbitol, and mannitol as plasticizers for gelatin films have been studied [37].

Yin et al. examined the application of three glucose hexanoate esters, as well as their
comparison with glucose pentaacetate and sucrose octaacetate, as bio-plasticizers for polyvinyl
chloride [38].

The object of the study is the production by means of ultrasonic energy of the ester of
sucrose with lauric acid by transesterification and examination of the possibility of applying
the resulting product as a bio-additive and/or bio-plasticizer for plastics, in particular for
polyvinyl chloride.

2. Materials and Methods

2.1.Reagents.

Lauric acid (Alfa Aesar), anhydrous Na>SO4 (Riedel-de-Hauln), concentrated sulfuric
acid, Ko.COgz, NaCl, n -butanol, methanol, sucrose (Chimtex).

2.2.Methods for esters synthesis.

Conventional synthesis: Methanol (50 cm®) and 0.018 mol of methyl ester of lauric
acid, sucrose, and K,COs catalyst (0.1 mol) were placed in an Erlenmeyer flask of 100 cm?.
The flask was placed in a water bath at 40 and 65° C. The reaction temperature was controlled
by using a thermostat. The progress of the reaction was monitored by thin-layer
https://biointerfaceresearch.com/ 7395
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chromatography. After completion of the reaction (duration 120 min), the solvent was distilled
under a vacuum. The residue was dissolved in 25% NaCl / n-butanol (1:1, v/v), and a separation
funnel separated the mixture. A threefold extraction with 20 cm?® n-butanol was performed.
Finally, the combined extracts were dried with anhydrous Na,SO4, and the solvent was distilled
under a vacuum.

Ultrasonic synthesis: 50 cm? of methanol and 0.018 mol of methyl ester of lauric acid,
sucrose, and catalyst (0.1 mol) were placed in an Erlenmeyer flask of 100 cm?. The flask was
connected to a water-cooled reflux condenser and processed in Dimoff A-2/2 (100 W, 44 kHz)
ultrasonic bath at 40 and 65°C. The reaction temperature was controlled by using a thermostat.
The progress of the reaction was monitored by thin-layer chromatography. After completion
of the reaction (after 60 min), the solvent was distilled in vacuo. The residue was dissolved in
25% NaCl/n -butanol 1:1 (v/v), and a separation funnel separated the mixture. A threefold
extraction with 20 cm?® n-butanol was performed. The combined extracts were dried with
anhydrous Na.SOs, and the solvent was distilled in vacuo.

2.3.ldentification of esters.

Infrared spectroscopy: Fourier transform infrared spectroscopy (FT-IR) was used to
identify and characterize the esters obtained. The spectra were recorded on a Nicolet Avatar
spectrometer (Thermo Scientific, USA) in a KBr tablet, in the range of 4000-400 cm™.

Nuclear magnetic resonance imaging: The NMR spectra (*H and *3C) of the synthesized
esters were recorded on a Bruker spectrometer (500 MHz) in CDCIs solution and a standard
tetramethyl silane.

2.4.Evaluation of sucrose laurate effect on PVC properties.

2.4.1.Samples preparation.

Thin PVC films (thickness 0.18-0.28 mm) containing 0, 10, 20, 30, and 40 wt. % of
sucrose laurate was used to prepare the experimental samples. The specified amount of PVC
was dissolved in 100 cm® THF in a water bath at 40°C until the complete dissolution of the
polymer. Then the above-mentioned amount of inulin acetate was added, and the mixture was
stirred for 2 h until complete homogenization. The resulted solution was poured into a glass
Petri dish and dried at room temperature in a vacuum oven for 7 days.

2.4.2.Determination of glass transition temperature Tg.

The glass transition temperature T4 of the PVC-films was determined by a differential
scanning calorimetry, by 204 F1 Phoenix (NETZSCH Gerdtebau GmbH) calorimeter, using Al
pans (2,5-4,2 g per sample), at a heating/cooling rate of 10 K/min, in the following
consequence: heating from 20°C to 200°C (first scan); cooling in liquid nitrogen from 200°C
to -50°C; second heating from -50°C to 200°C (second scan). The measurements were carried
out in argon at a flow rate of 20 cm3/min. The value of Tg for each sample was determined in
the second scan as the inflection point on the thermogram by PROTEUS software.

2.4.3.Tensile testing.

The tensile tests were conducted by Lloyd LS1 apparatus (Lloyd Instruments,
AMETEK, Inc.), equipped with pneumatic grips and NEXYGEN Plus Materials Testing
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Software, with 100 mm/min crosshead speed determine the tensile strength, elastic modulus,
and elongation at break of each sample. Nine to twelve rectangular specimens of size 5x100
mm and thickness 0.18-0.28 mm were tested, and the average value was calculated for each
PVC film.

3. Results and Discussion

As a result of the transesterification carried out using ultrasonic energy, a significant
reduction in reaction time of 120 min with the conventional method to 15 min has been
achieved, while the process is carried out at room temperature instead of at 67-70 °C (for the
conventional method).

3.1. Characterization of the obtained sucrose ester.

3.1.1. FT-IR spectroscopy.

In IR spectra of the resulting esters, there are areas typical of carbohydrate areas. A new
strip of esters spectrum is monitored at 1734 cm™ due to valence vibrations of the ester (vC=0).
Song [40] reported a similar strip at 1720-1728 cm™ in sucrose octanoates and the spectrum of
sucrose octanoate obtained by ultrasonic synthesis [26].

In the *H NMR spectrum of sucrose esters, particularly the sucrose laurate, the
following areas may be identified — 0-3.0 ppm typical of methyl and methylene proton from
the acid and 3.0-6.0 ppm typical of carbohydrate proton.

The chemical offset for the protons of the methyl groups in sucrose laurate is observed
at 0.99 ppm. The presence of a band for the methylene group to an ester at 2.34 ppm is proof
of the successful synthesis.
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Figure 1. 'H NMR spectrum of sucrose laurate.

The signals for the protons of the methylene groups in all four synthesized esters are in
the range of 1.30~2.34 ppm. Glucose protons of glucopyranose are observed in the range of
3.27~5.40 ppm and glucose protons of fructofuranose at 3.83~4.09 ppm (Figure 1).
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In the *C NMR spectrum, a typical carbonyl carbon atom signal is observed at 174,6,12
ppm. Signals for methyl carbon atoms are observed at 14.02 ppm and for methylene ones - at
22.9-34.03 ppm.

Signals of the carbon atoms of the pyranose, respectively, of the furanose ring, are
observed in the range 70.98-106.35 ppm, with carbon atoms from the pyranose ring being at
the lower frequencies and for the furanose - at the higher frequency range.

3.2. Evaluation of sucrose laurate plasticizing effect on PVC.

3.2.1. Differential scanning calorimetry analyses.

The results of the DSC analysis of PVC containing inulin acetate show that the ester
influences the behavior of the polymer, whereas its content increases, while the glass transition
temperature lowers (Table 1). According to the existing theories on the plasticizing mechanism,
the function of the polymer additives called "plasticizers" is to reduce the interaction between
the polymer chains, thereby increasing the free volume in the polymer, which in turn is a
prerequisite for increasing their flexibility. In this case, the quantitative measurer of the action
of the plasticizer is the lowering of the polymer's glass transition temperature. The presence of
inulin acetate results in a decrease of Tg of approximately 81°C in pure PVC to approx. 56 °C
in ester content of 30%, it might be expected that it increases the flexibility of structural
elements of the polymer and that way exhibits similar to the plasticizing effect on PVC.

Table 1. DSC analyses of PVC-containing sucrose esters.

Glass transition temperature, °C
Ester content, - -
% Inuline acetate Sucrose palmitate Sucrose laurate
[19] [18]
0% 80.5 80.5 80.5
10% 53.5 73.9 72.8
20% 60.7 67.3 65.8
30% 56.4 53.2 52.1

3.2.2. Mechanical properties of PVC/sucrose laurate blends.

According to the existing theories on the plasticizing mechanism, the plasticizer's
function is to reduce the interaction between the polymer chains, thereby increasing the free
volume in the polymer, which in turn is a prerequisite for increasing their flexibility. In this
case, the quantitative measurer of the action of the plasticizer is the lowering of the glass
transition temperature of the polymer Tg.

The results of the DSC analysis of PVC containing sucrose laurate show that the ester
influences the behavior of the polymer, whereas its content increases while the temperature of
glass transition of Tg lowers from approximately 81°C in pure PVC to 52.1°C in ester content
of 30% (Table 2), i.e., sucrose laurate has a plasticizing effect on PVC.

Similar results have been obtained using sucrose palmitate [31], inulin acetate [32] by
other scientists in the experimental application of esters as plasticizers of PVC [41].

Table 2. Mechanical properties of PVC containing sucrose laurate.

Ester Stress at the break, MPa Young's Modulus, MPa Elongation at Fracture, %
content. % InAc SucPa Sucla InAc SucPa SucLa InAc SucPa Sucla
' [32] [31] [32] [31] [32] [31]
0% 52.4 52.4 52.4 1483.0 1483.0 1483.0 5.5 55 5.5
10% 48.2 26.0 245 1017.4 864.0 756.3 8.9 81.2 82.5
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Ester Stress at the break, MPa Young's Modulus, MPa Elongation at Fracture, %
content. % InAc SucPa SuclLa InAc SucPa sucLa InAc SucPa suclLa
' [32] [31] [32] [31] [32] [31]
20% 41.0 214 18.8 713.0 718.0 654.8 19.3 97.8 103.6
30% 39.5 195 17.9 677.8 620.5 560.6 22.0 126.8 135.3

* InAc - inuline acetate; SucPa - sucrose palmitate; SucLa - sucrose laurate
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Figure 2. Mechanical properties of PVC containing sucrose laurate.
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Figure 3. The elasticity modulus of PVVC containing: inulin acetate (InAc), sucrose palmitate (SucPa), and
laurate (SucLa) — 10, 20, and 30%.

The increased flexibility of structural elements of the polymer as a result of the activity
of the plasticizer affects its deformation behavior and strength characteristics. The extent and
nature of this influence are a function of the quantity and chemical structure of the plasticizer
and are usually estimated under tensile load.

The results of the tensile tests on PVC films containing sucrose laurate show that the
ester content increases to 20-25 % w/w, while the elasticity modulus decreases nearly twice -
1483 MPa for non-plasticized PVC to 713 MPa at ester content of 20 % w/w. The breaking
voltage also decreases - from 52.3 MA for unplasticized PVC to 30 MA at an ester content of
20% w/w. The relative elongation at break increases sharply: at ester content of 20 % w/w; it
is up to 4 times higher than the one of the pure PVC (Figure 2 and 3). In view of the mechanism
of action of plasticizers mentioned above, these results are typical and demonstrate the
plasticizing effect of sucrose laurate on PVC in the specified concentration range.

With sucrose laurate content over 20% w/w, certain characteristics in PVC/sucrose
laurate system are reported, such as the increase of breaking stress and the expected decrease
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of the relative elongation. Although the downward trend for the module is maintained, its
alteration with an increase of sucrose laurate content is relatively feebly marked. That is, with
sucrose laurate content over 20% wi/w, the plasticizing effect weakens. However, a certain
positive effect on the strength properties of the plasticized polymer appears. It is known that
the effectiveness of the plasticizer on PVC depends on the size and polarity of its molecule -
the ability of the small molecule of the plasticizer to penetrate the amorphous and to weaken
the interaction between macromolecules is the basis of the mechanism of plasticizing.
Compared to conventional PVC plasticizers such as phthalates, which are low molecular
compounds, sucrose laurate molecules are significantly larger — in addition to being a long-
chain polysaccharide, they also contain substitutes. At low contents, ester exhibits plasticizing
effect probably due to the ability of its molecules to occupy the free volume between
macromolecules of the polymer, predominantly in amorphous regions. At higher contents,
however, most probably due to the close contact with PVC macromolecules, molecular chains
of sucrose laurate "intertwine with them" reducing their flexibility - the result is an increase in
the tension and decrease of the relative elongation upon breaking of the plasticized PVC.
Similar behavior has been observed in some bio-plasticizers based on palm oil used as a co-
plasticizer for PVC. In this case, however, the modular increase is also observed, which allows
the authors to conclude the increasing enhancing effects of the test compounds.

With a view of the above, the influence of ester on PVVC behavior in contents over 20%
wi/w is also of interest. This, however, shall be subject to further in-depth studies. In case a
similar "increasing” mechanism of action of sucrose laurate is confirmed, it could successfully
be applied as a co-plasticizer in combination with other conventional PVC bio-plasticizers
while contributing to the improvement of strength properties of the polymer.

4. Conclusions

An experimental process of transesterification of sucrose has been carried out. The
product resulting from the synthesis has been identified as sucrose laurate using highly
sensitive spectral methods. US impact sharply accelerates the synthesis process without
affecting the chemical composition and structure of the resulting products. The results of the
studies make it possible to conclude that ultrasonic transesterification is an applicable method
for intensifying the synthesis process of esters.

The applicability of sucrose laurate as PVC bio-plasticizer has been examined. The
influence of the ester on the temperature of glass transition Tg of PVC in contents of 0-40%
w/w was estimated by the DSC method. It has been found out that the increase of its quantity
results in the decrease of polymer Tg, i.e., the flexibility of macromolecules increases which is
a prerequisite for higher deformability. It is proved by studies on the influence of ester over
PVC behavior under tensile load. Contents of sucrose laurate of up to 20% w/w have been
found to reduce the tension, increase the relative elongation upon breaking, and reduce the
module. This supports the conclusion that inulin acetate shows plasticizing effect within this
concentration range. The polymer's more specific behavior has been observed in ester contents
over 20% w/w, namely increase of the tension and decrease of the relative elongation upon
breakage along with insignificant alteration of the module.

The results obtained at this stage of the study allow for a conclusion that synthesized
sucrose laurate is applicable as a bio-plasticizer for PVC in contents of up to 20-25% w/w.
Further studies must be carried out in order to establish the mechanism of activity of the ester
in higher contents with a view of application extension.
https://biointerfaceresearch.com/ 7400
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