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1 Institute of Materials Chemistry, Faculty of Chemistry, Brno University of Technology,
61200 Brno, Czech Republic

2 Institute of Environmental Chemistry, Faculty of Chemistry, Brno University of Technology,
61200 Brno, Czech Republic

* Correspondence: xcjasekv@vutbr.cz

Abstract: Methacrylated vegetable oils are promising bio-based polymerizable precursors for poten-
tial material application in several fields, such as coating technologies or 3D printing. The reactants’
availability for their production is an enormous advantage, but the modified oils also exhibit high
apparent viscosity values and poor mechanical properties. This work focuses on a way to produce oil-
based polymerizable material precursors in a mixture with a viscosity modifier in a one-batch process.
The required methacrylic acid for the modification of epoxidized vegetable oils can be obtained as a
secondary product of the methacrylation of methyl lactate forming a polymerizable monomer along
with the acid. This reaction results in a yield of over 98% of methacrylic acid. Epoxidized vegetable
oil can be added into the same batch using acid for oil modification which results in the one-pot
mixture of both methacrylated oil and methyl lactate. The structural verifications of products were
provided via FT-IR, 1H NMR, and volumetric methods. This two-step reaction process produces a
thermoset mixture with a lower apparent viscosity of 142.6 mPa·s in comparison with methacrylated
oil exhibiting a value of 1790.2 mPa·s. Other physical-chemical properties of the resin mixture such
as storage modulus (E′ = 1260 MPa), glass transition temperature (Tg = 50.0 ◦C), or polymerization
activation energy (17.3 kJ/mol) are enhanced in comparison with the methacrylated vegetable oil.
The synthesized one-pot mixture does not require additional methacrylic acid due to the use of the
one formed in the first step of the reaction, while the eventual thermoset mixture exhibits enhanced
material properties compared to the methacrylated vegetable oil itself. Precursors synthesized in
this work may find their purpose in the field of coating technologies, since these applications require
detailed viscosity modifications.

Keywords: methacrylated methyl lactate; viscosity modification; thermoset mixture; polymerizable
precursors; resin; modified lactate

1. Introduction

Various thermosets using bio-based templates have been synthesized recently, as
the interest in using bio-based curable precursors (i.e., via thermal or UV-irradiation
initiation) has been rising in recent decades [1–4]. The main reason several lipids or
polyols are used for the production of polymerizable monomers is the applicability of
their available naturally formed carbon structures [5–7]. The direct synthesis of numerous
molecules, which can be obtained from agricultural productions would be complicated
and, in most cases, economically unprofitable [5,8]. On the other hand, bio-source curable
thermosets, such as acrylated or methacrylated vegetable oils (soybean, tung, linseed) [9,10],
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methacrylated polyols (pentaerythritol, isosorbide) [11], or lipid-based polyurethanes
cannot just provide interesting carbon backbones to be modified but the reactants for their
synthesis are often available and convenient to use [12]. There is a wide spectrum of usage
for polymerizable precursors formed from renewable sources. Three-dimensional printing
technologies, such as stereolithography (SLA), can incorporate these precursors into their
products to increase their bio-content [13]. Several coating applications may benefit from
the properties these materials can provide, namely paper coating or incorporation into
controlled-released fertilizers (CRFs) [14,15].

Vegetable oils are used as templates due to the unsaturated double bonds (C=C) that
they contain. These double bonds can be efficiently modified via epoxidation mixtures
(typically H2O2 with carboxylic and catalyst acid) to epoxy functional groups (composed of
bonded oxygen atoms in the oxirane cycle). Formed epoxidized oil is modified for example
by polymerizable carboxylic acids (a type of nucleophile) such as acrylic or methacrylic
acid. Typically, organic basic catalysts (e.g., aliphatic amines) are added to the solution to
enforce the nucleophilic character of carboxylic acid [16–18]. Methyl lactate is a molecule
possessing a hydroxyl functional group that can also be modified via an appropriate
reactant. Carboxylic acid anhydrides, or acylhalogenides, are mostly used for this type
of modification. The result of the methacrylation of hydroxyl groups by methacrylic
anhydride is the particular ester of alcohol and methacrylic acid and there is also leftover
acid formed as a secondary product of this reaction. This formed by-product is usually
separated from the mixture due to its acidity and undesirable properties (dissociation,
water solubility, odor, etc.) [19].

Generally, syntheses based on the usage of methacrylated anhydride use 4-dimethylam-
inopyridine (DMAP) as a catalyst [20–23]. However, this compound exhibits considerable
toxicity [24] and it is also expensive. The present article describes the methacrylation pro-
cess involving potassium 2-ethylhexanoate as a catalyst instead of the conventionally used
DMAP-ethylhexanoic acid and potassium hydroxide, which are safer to handle during
manufacturing processes [25] in comparison with DMAP [26]. Additionally, the catalytic
properties of potassium 2-ethylhexanoate have not been investigated thoroughly in the
field of methacrylic modification processes. Therefore, the experimental results regarding
potassium 2-ethylhexanoate’s catalytic activity in connection with the reactions involving
methacrylic anhydride could be considered resourceful.

This work aims to investigate the production of potential coating thermosetting pre-
cursors based on both methacrylated methyl lactates in a mixture with methacrylated
rapeseed oil. The synthesis of methacrylated methyl lactate involving methacrylic an-
hydride as a reactant has not been widely investigated. A particular patent involving
the esterification process using methacrylic acid has already been published [27]. The
effectiveness and profitability of the presented production should be ensured using the
formed by-product of methyl lactate’s methacrylation—methacrylic acid—and in the same
batch, the methacrylation of the epoxidized rapeseed oil (prepared separately) will take
place using the previously formed acid. The confirmation of successfully formed products
shall be provided by FT-IR and NMR methods. An additional characterization of the
produced precursor mixture will be performed including viscometry, differential scanning
calorimetry (DSC), thermo-gravimetric analysis (TGA), or dynamic mechanical analysis
(DMA) measurements.

2. Materials and Methods
2.1. Materials

Rapeseed oil for the preparation of synthesized oil along with hydrogen peroxide
(H2O2; 35% w/w) was supplied by FICHEMA s.r.o. Czech Republic. Methyl (R)-(+)-lactate
for the methacryled methyl lactate synthesis was obtained from Hefei Home Sunshine
Pharmaceutical Technology Co., Ltd., China. All other reactants used for the mixture
thermoset synthesis were acquired from Sigma Aldrich, particularly: Formic acid (puriss.
p.a.), triethylamine (≥99%), 4-Methoxyphenol (for synthesis), methacrylic anhydride (94%);
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potassium hydroxide (p.a.), 2-ethylhexanoic acid (for synthesis), potassium iodide (ACS
reagent, ≥99.0%), and sodium thiosulfate (ReagentPlus®, 99%). The solvent for NMR
analyses (d-chloroform (CDCl3; 99.8%)) was obtained from Sigma Aldrich as well.

2.2. Synthesis of Curable Bio-Based Thermosets

The epoxidation of rapeseed oil was the first reaction performed. The oil characteriza-
tion via volumetric analyses was performed (iodine value (I.V.), oxirane oxygen content
(OOC), peroxide value (P.V), and acid value (A.V)) before any further modifications were
made. Reactants were oil with measured I.V. (912 g) along with hydrogen peroxide (1.4 mol
to I.V. of oil; 611.3 g) and formic acid as catalyst (0.25 mol to I.V. of oil; 51.5 g). The epoxi-
dation reaction took place in a reactor of 2 L volume equipped with a shaft stirrer and a
heating jacket. The oil was first heated to 43 ◦C. Then, the epoxidation mixture of H2O2
with HCOOH was added. Although the reaction was set to 62 ◦C, the epoxidation mixture
was combined with the oil in advance due to the exothermic character of the reaction. The
reaction was monitored for 10 h and the samples for continual I.V. and OOC analyses were
collected (they were centrifuged to separate the water phase from the oil). The purification
process was performed after the epoxidation. Modified oil was separated from the water
phase and the reduction of free and bonded peroxides was realized via potassium iodide.
The eventual separation of either the formed iodine molecule (from the reduction reaction)
or the extra potassium iodide was performed by a water solution of sodium thiosulfate.
The reaction scheme is illustrated in Scheme 1.
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Scheme 1. Epoxidation of rapeseed oil.

Simultaneously, methyl lactate (1 mol, 104.1 g) was mixed with methacrylic anhydride
(1 mol, 154.2 g) in a round bottom flask. The catalyst (50% w/w solution of potassium
2-ethylhexanoate in 2-ethylhexanoic acid (0.05 mol, 18.2 g of solution)) was added as
soon as the mixture was tempered to 80◦C. The reaction was performed for 10 h in an
opened flask placed in a tempered oil bath. The conversion was quantified via GC method
(Hewlett Packard 5890 Series II, Palo Alto, CA, USA; FID detector, column ZB-624, N2
as auxiliary gas for FIC; air (oxidizer for FID); H2 (carrier gas for FID); inlet temperature
200 ◦C; detector temperature 260 ◦C; temperature gradient with a rate of 20 ◦C/min for
28 min up to 250 ◦C); RT of methacrylated methyl lactate: 9.80 min). All reagents formed
after the reaction remained in the flask. The methacrylation of methyl lactate is shown in
Scheme 2.
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Methacrylated methyl lactate (MeLaMMA): 1H NMR (Figure S1) (CDCl3, 500 MHz):
δ(ppm)6.18 (p; J = 1.08; 1.08; 1.07; 1.07 Hz; 1H), 5.62–5.61 (p; J = 1.63; 1.63; 1.61; 1.61 Hz; 1H),
5.15–5.11 (q; J = 7.05; 7.05; 7.05 Hz; 1H), 3.73 (s; 3H), 1.95 (t; J= 1.32; 1.32 Hz; 3H), 1.53(d;
J= 7.08 Hz; 3H).

Methacrylic acid (MA):1H NMR (Figure S2) (CDCl3, 500 MHz): δ(ppm) 6.26–6.25
(dd; J = 1.52; 0.95 Hz; 1H), 5.69–5.67 (p; J = 1.66; 1.66; 1.63; 1.63 Hz; 1H), 1.96 (dd; J = 1.63;
1.01 Hz; 3H).

The formed methacrylic acid from the methyl lactate methacrylation was used as
a nucleophile for the methacrylation of epoxidized rapeseed oil prepared earlier. Once
the OOC parameter of the epoxidized rapeseed oil was determined, the respective molar
amount of the oil was added to the mixture already containing both methacryled methyl
lactate and methacrylic acid (and the methacrylation catalyst). The mixtures were prepared
in three different molar ratios (epoxy groups: methacrylic acid) to observe the differences
in reaction rates and conversions. The chosen ratios were 1:1 (253.0 g of epoxidized oil),
1:1.5 (189.8 g of epoxidized oil), and 1:2 (126.5 g of epoxidized oil), which means the
presence of an equimolar amount or excess of methacrylic acid. The solution possessing all
components was tempered at 95 ◦C and an additional polymerization inhibitor was added
(4-methoxyphenol, 0.01 mol; 1.25 g). The reaction catalyst was poured into the mixture
once the inhibitor was completely dissolved (triethylamine, 0.05 mol; 5 g). The nucleophilic
substitution (methacrylation of epoxidized oil) was performed for 24 h. The eventual
mixture containing formed methacrylated methyl lactate and methacrylated rapeseed oil
was water-washed to remove all catalysts from the system and the remaining water was
removed via dryer (sodium sulfate). The methacrylation of epoxidized rapeseed oil is
illustrated in Scheme 3. The whole preparation of the thermoset mixture is shown in
Figure 1.
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2.3. Structural Analyses of Synthesized Products
2.3.1. Fourier Transformed Infrared Spectrometry (FT-IR)

Infrared spectrometry was used for the identification of processes that occurred during
the reactions (modification of epoxy functional groups, the disappearance of hydroxyl
functional groups, etc.). The used instrumentation was an infrared spectrometer Bruker
Tensor 27 (Billerica, MA, USA), applied method was attenuated total reflectance (ATR)
using diamond as a dispersion component. The diode laser served as an irradiation source.
Michelson interferometer was used for the quantification of the signal. Spectra were
composed out of 32 total scans with a measurement resolution of 4 cm−1.

2.3.2. Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance spectra were obtained by instrument Bruker Avance
III 500 MHz (Bruker, Billerica, MA, USA) with the measuring frequency of 500 MHz
for 1H NMR at the temperature of 30 ◦C using d-chloroform (CDCl3) as a solvent with
tetramethylsilane (TMS) as an internal standard. The chemical shifts (δ) are shown in part
per million (ppm) units. Coupling constant J has (Hz) unit with coupling expressed as
s-singlet, d-doublet, t-triplet, q-quartet, p-quintet, m-multiplet.

2.3.3. Volumetric Analyses

Acid value (A.V.) quantifies the amount of acidic functional groups. It is used for the
verification of the non-acidic character of reactants and products after syntheses as well
as for the quantification of methacrylation’s conversion. The sample (0.1–0.3 g) is diluted
in the appropriate solution (acetone), pH indicator (bromothymol blue) is added to the
mixture and 0.1 M potassium hydroxide in methanol is used as a titration solution. The
calculation is shown in Equation (1):

A.V. =
cKOH ·VKOH ·56, 100

msample
, (1)

where A.V. is the acidic value (mg KOH/g), cKOH is the molar concentration of the titration
solution (mol/dm3), VKOH is the volume of the titration solution (dm3) and msample is the
weight of the measured sample (g).

Peroxide value (P.V.) determines the occurring peroxides within the oil structure. The
determination’s principle is to use potassium iodide as a reduction agent producing an
iodine molecule as an oxidized product after the reduction of peroxides. This parameter
is significant for the potential polymerizable system due to their possible spontaneous
reactivity when peroxides are present. The determination requires an analyte sample
(0.1–0.5 g) to be mixed with 5 mL of saturated potassium iodide solution. The solution is
mixed for 1 min and is titrated with 0.01 M solution of sodium thiosulfate. Starch suspension
can be used as an indicator. The peroxide value calculation is shown in Equation (2):

P.V. =
cNa2S2O3 ·VNa2S2O3

msample
·100, 000, (2)

where P.V. is peroxide value (µmol O2/g), cNa2S2O3 is the molar concentration of the titration
solution (mol/dm3), VNa2S2O3 is the volume of the titration solution (dm3) and msample is
the weight of the measured sample (g).

Iodine value (I.V.) is a parameter for the determination of the number of unsaturated
bonds within oil structures. Various reactants can be used for the determination of iodine
monochloride (ICl). The procedure involves sample weighing (0.1–0.3 g) and mixing it
with 20 mL of 0.1 M ICl solution in acetic acid. The prepared mixture requires 30 min for
the reaction. The solution is mixed with 20 mL of 10% w/w solution of potassium iodide in
water to force the quantitative formation of iodine molecules. The system is titrated with
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0.1 M solution of sodium thiosulfate. A starch solution can be used as an indicator. The
calculation of iodine value is illustrated in Equation (3):

I.V. =

(
VBLANK −VNa2S2O3

)
·cNa2S2O3 ·126.9·100

msample
, (3)

where I.V. is iodine value (g I2/100 g), cNa2S2O3 is the molar concentration of the titration
solution (mol/dm3), VBLANK is the volume of the titration solution for blank (dm3), VNa2S2O3
is the volume of titration the solution for sample (dm3), and msample is the weight of the
measured sample (g).

Hydroxyl value (H.V.) is a quantity of hydroxyl functional groups occurring in a chem-
ical structure. The principle of determination is the acetylation of vacant hydroxyl groups
via acetylic anhydride in the presence of pyridine as a catalyst. The sample (0.25–0.5 g) is
mixed with 5 mL of 25% w/w solution of acetylic anhydride in pyridine. The mixture is
tempered at 100 ◦C for 1 h. The solution is mixed with 10 mL of water once the reaction is
performed to hydrolyze excessing anhydride. The mixture is titrated with 1 M potassium
hydroxide solution in water. Bromothymol blue is used as an indicator. The calculation of
hydroxyl value is provided in Equation (4):

H.V. =
(VBLANK −VKOH)·cKOH ·56, 100

msample
, (4)

where H.V. is hydroxyl value (mg KOH/g), cKOH is the molar concentration of the titration
solution (mol/dm3), VBLANK is the volume of the titration solution for blank (dm3), VKOH
is the volume of titration the solution for sample (dm3) and msample is the weight of the
measured sample (g).

Oxirane oxygen content (OOC) quantifies the percentage amount of cyclic bonded
oxygen as a result of the oxidation of double bonds. The determination of this parameter
is provided via the nucleophilic substitution reaction of hydrobromic acid (HBr) and
epoxy functional groups. The proton releases the cyclic structure of the epoxy group and
nucleophile (Br−) attacks formed carbocation. Analysis proceeds as follows. The sample
(0.1–0.3 g) is added to the titration flask and 10 mL of 99% w/w acetic acid is added. This
solution is enriched with 5 drops of crystal violet water solution (indicator) and titrated via
0.1 M solution of HBr in acetic acid. The calculation of oxirane oxygen content is written in
Equation (5):

OOC =
VHBr·cHBr·1.6

msample
, (5)

where OOC is oxirane oxygen content (%), cHBr is the molar concentration of the titration
solution (mol/dm3), VHBr is the volume of titration of the solution for sample (cm3) and
msample is the weight of the measured sample (g).

2.4. Characterization of Physical-Chemical Properties
2.4.1. Viscometry

Apparent viscosity (ηapp) is an important parameter for the description of the sys-
tem’s behavior prediction, especially at the processing temperature range. The viscosity
measurements were completed via digital viscometer DV-II+ PRO EXTRA (BROOKFIELD,
Middleboro, MA, USA). The determination of apparent viscosity required 50–80 mL sam-
ples and various rheology shafts were used depending on the viscosity level of each
measured system.

2.4.2. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) served as a confirming method of the curabil-
ity of synthesized precursors. The synthesized molecules were mixed with Luperox® DI,
tert-Butyl peroxide as thermo-initiator (in 1% w/w quantity to precursor). The samples
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consisted of 10 g of each precursor and 0.1 g of initiator which was added to the mixture
and dissolved. The mixtures were placed in aluminum pans and hermetically sealed.
DSC 2500 model from TA instruments (New Castle, DE, USA) was used for the analyses.
Samples were subjected to a heating scan from 10 to 240 ◦C with differing temperature
ramps: 5, 10, 15, and 20 ◦C/min.

2.4.3. Dynamic Mechanical Analysis (DMA)

The viscoelastic properties of prepared materials were measured using a dynamical
mechanical analyzer, DMA 2980 from TA Instruments (New Castle, DE, USA). Testing
specimens with typical dimensions of 60 × 10 × 2 mm were prepared by casting the resin
with a photoinitiator into the mold and curing. Polymeric samples were prepared with
methacryled rapeseed oil (MRO), methyl lactate methacrylate (MeLaMMA), and their
mixture was prepared in a one-pot synthesis. Phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide (BAPO) as a photoinitiator was added to each precursor in 1% w/w. The samples
consisted of 20 g of each precursor and 0.2 g of initiator, which was added to the mixture
and dissolved. The irradiation source with a wavelength of 405 nm was used for the
initiation for 30 min. The specimens were mounted into dual cantilever geometry and
subjected to a cyclic deformation with 10 µm and 1 Hz. The samples were heated from
laboratory temperature to 120 ◦C with a heating rate of 3 ◦C/min.

2.4.4. Thermo-Gravimetric Analysis (TGA)

Thermo-gravimetric analysis (TGA) was used for the determination of the heat stability
index of prepared precursors which were polymerized. Polymeric samples were prepared
the same way as samples for DMA analysis. TGA analysis itself was performed on TGA
Q500 from TA Instruments (New Castle, DE, USA). The degradation process of a sample
(10–15 mg) was monitored via the following heating conditions: equilibration at 40 ◦C;
heating to 600 ◦C at a heating rate of 10 ◦C/min under N2; 10 min at 600 ◦C under
air atmosphere.

3. Results
3.1. Polymerizable Thermoset Mixture Synthesis

The analysis of used rapeseed oil was performed before it was epoxidized due to the
fact that the information on iodine value is especially necessary for the preparation of the
reaction mixture. Reactants that undergo the epoxidation reaction (hydrogen peroxide and
formic acid) are calculated according to the iodine value as a parameter determining the
amount of modifiable double bonds. The results of all measured volumetric parameters are
shown in Table 1.

Table 1. Initial volumetric parameters of used rapeseed oil.

Rapeseed Oil Volumetric Parameters

Parameter Unit Value

Acid value (mg KOH/g) <0.3
Peroxide value (µmol O2/g) <2.0

Iodine value (g I2/100 g) 129.9
Oxirane oxygen content (OOC) (%) <0.01

The used rapeseed oil had a particular composition of fatty acid within its structure.
This factor might be important for comparison with other vegetable oils modified the same
way. However, only the oil with the highest ratio of mono-unsaturated fatty acids has been
studied in this work. The particular composition of occurring fatty acids is displayed in
Table 2. The saturated fatty acid share is an important parameter for the used vegetable oil
since this type of structure cannot be modified for further polymerizable purposes.
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Table 2. The composition of fatty acid in used rapeseed oil.

Rapeseed Oil Structure

Fatty Acid Type Mass Amount (g/100 g Oil)

Saturated (SAFA) 7.6
Mono-unsaturated (MUFA) 62.0
Poly-unsaturated (PUFA) 30.4

The epoxidation mixture prepared from reactants according to the determined iodine
value of rapeseed oil underwent a reaction for 10 h. Both iodine value and OOC parameters
were monitored during the reaction for the confirmation of forming epoxy functional
groups within the structure of the used oil. The OOC parameter increases over time, as
is shown in Figure 2a, as a result of forming of oxirane cycles. On the other hand, double
bonds disappear from the carbon backbone of used oil as an iodine value decreases. The
mixture was treated with potassium iodide and sodium thiosulfate after the reaction to
reduce the number of peroxide functional groups occurring in the oil’s structure after the
epoxidation. The solution was eventually washed with distilled water to remove all formed
structures and the remaining hydrogen peroxide and formic acid. Finally, the epoxidized
oil was distilled to separate residual water from the emulsion.
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Figure 2. (a) OOC parameter and iodine value dependence on time during the epoxidation of the
rapeseed oil. (b) Dependence of methacrylic anhydride relative concentration’s decrease (MAA) and
methacrylic acid relative concentration’s increase (MA) on time during the synthesis of methacrylated
methyl lactate (MeLaMMA) provided by GC-FID analysis.

There is evidence of positive progress of the epoxidation from Figure 2a. The OOC
parameter raised to the value of 6.23%. Since the maximal OOC which can be reached
with the initial iodine value of 120.5 g I2/100 g is 7.22%, the conversion of double bonds
into epoxy groups is 86.3% according to OOC. The iodine value decreased in time during
the reaction and reached a value of 17.6 g I2/100 g. If the conversion of double bonds is
calculated via the iodine value, the result is 86.5%. The value calculated from the decrease
in iodine value is slightly higher than the one from OOC. The reason for this outcome is
the fact that a part of the double bonds participates in the formation of peroxide functional
groups within the oil’s structure. However, both parameters correlate. It was observed
that when the oil undergoes the reaction for a longer time, the OOC parameter tends to
decrease. Therefore, the time of 10 h was determined as optimal. Published epoxidation
processes involving oils such as camelina oil, flax oil, or canola oil reached similar or lower
OOC parameter values in comparison with presented results, except for the reaction time,
which was longer [28]. It was found that 10 h is an optimal reaction time, particularly for
rapeseed oil.
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The epoxidation process appeared to be exothermic after the addition of the catalyst.
The temperature increase is an important factor for the potential scale-up and production
technology suggestions. The heating jacket of the reactor can temper the temperature and
cool down the system. However, the amount of released energy during this process is
non-negligible. The temperature increase after the catalyst’s addition and the following
cool-down is shown in Figure S3.

Separately, the synthesis of methacrylated methyl lactate (MeLaMMA) was performed
to generate both polymerizable monomer (MeLaMMA) and reaction methacrylic acid
(MA) for a further methacrylated oil synthesis (illustrated in Figure 1). The polymerizable
monomer forms a continuum for an additional reaction step as well as methacrylic acid.
The reaction’s progress in time is shown in Figure 2, which is a progress of the MAA
concentration’s decrease and MA concentration’s increase in time monitored via the GC-
FID method.

There is evidence of a reaction’s progressing trend from the chromatography results in
Figure 2b. Methacrylic anhydride reacts with methyl lactate (MeLa), so its concentration in
the reaction mixture decreases over time. At the same time, methacrylic acid is formed as
one of the products during the reaction, which illustrates the dependence above as well.
Since the methacrylation reaction of MeLa and MAA does not require the withdrawing
of the forming by-product MA to modify the equilibrium, this reaction was performed
until the maximum conversion of both reactants (MA and MeLaMMA) was acquired. The
reached yield values of both products are shown in Table 3.

Table 3. Results of the products‘ quantification formed during methyl lactate methacrylation reaction.

Methacrylation of Methyl Lactate

Product Reaction Time (min) Yield (%)

Methacrylated methyl lactate (MeLaMMA) 600 98.25
Methacrylic acid (MA) 600 98.08

The post-reaction mixture containing both formed MeLaMMA and MA was heated
from 80 ◦C to 95 ◦C before the addition of prepared epoxidized oil and appropriate catalyst
(TEA). An additional inhibitor (4-methoxyphenol) was dissolved in the solution to pre-
vent the mixture from spontaneous polymerization. This additive is also present in used
methacrylic anhydride at 2000 ppm. However, since the thermoset mixture preparation
process took two steps both involving increased temperature conditions, the amount of
inhibitor increased. All three chosen molar ratios of reactants were monitored during the
24 h long reaction and the decreases of OOC parameters were measured for all of them
regularly. The molar ratios contain an either equimolar amount of MA (1:1 mol) or an
excess of MA (1:1.5 mol; 1:2 mol). The dependences of OOC parameter changes in time and
calculated epoxy functional groups conversions from the OOC parameters’ theoretical and
real values are shown in Figure 3a,b.

A big influence on the methacrylation reaction rate (of epoxidized oil) is caused by
particular excess of methacrylic acid. Figure 3a shows the OOC parameter values decrease
in time for all performed mixtures. The initial OOC parameter differs in the graph due to
the unequal mass participation of oil in studied mixtures (the equimolar mixture has twice
the amount of epoxidized oil than the solution with double MA excess). Therefore, the
results comparing OOC values do not show an accurate reaction conversion. On the other
hand, Figure 3b is composed of the particular dependences of epoxy functional groups
conversions in time during the reaction. The conversion values were calculated as follows:

Epoxy groups conversion =

(
1− OOCt

OOC0

)
× 100, (6)

where OOCt is the value of epoxy groups percentage in particular time t (%), OOC0 is the
value of epoxy groups percentage in time t= 0 min (%). The conversions reached after
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24 h of reaction for each mixture containing different amounts of MA excess are shown
in Table 4.
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Table 4. Evaluation of epoxy functional groups conversions after 24 h (1440 min) of oil’s methacryla-
tion reactions.

Methacrylation of Epoxidized Rapeseed Oil (in a Mixture with MeLaMMA)

Ratio (Epoxy
Groups:Methacrylic Acid) Reaction Time (min) Conversion (%)

(1:1) 1440 23.08
(1:1.5) 1440 67.97
(1:2) 1440 83.33

The resulting mixture containing both methacrylated rapeseed oil and methacrylated
methyl lactate exhibited particular oil numbers as a confirmation of performed modifica-
tions and reactions. The values of measured parameters are written in Table 5. There is an
evident presence of hydroxyl functional groups from the hydroxyl value confirming the
bonded methacrylic functional groups in the oil’s structure. This bonding is also evident
from the raised iodine value. The remaining OOC parameter value is a measurement of the
reaction conversion and gives information about possible further modification performance
possibilities. However, the mixture was set at 95 ◦C to modify the epoxidized oil for only
24 h so the solution does not spontaneously polymerize. When the calculated conversions
are compared to the reported results using epodixized soybean oil and acrylic acid the
excess of (1:10) (oil:acid), the final products reached a similar conversion as the reported
ones. Therefore, the used excesses of the acid investigated in the work should increase the
profitability of the process [29].

Table 5. Oil numbers of prepared thermoset mixture of methacrylated rapeseed oil and methacrylated
methyl lactate.

Thermoset Methacrylated One-Pot Oil Mixture

Parameter Unit Value

Acid value (mg KOH/g) 0.75
Hydroxyl value (mg KOH/g) 81.8

Iodine value (g I2/100 g) 68.7
Oxirane oxygen content (OOC) (%) 0.43
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3.2. Structural Characterization
3.2.1. Fourier Transformed Infrared Spectrometry (FT-IR)

Infrared spectrometry served as proof of specific functional groups within the struc-
tures. In particular, the formation of hydroxyl groups can be better confirmed via the FT-IR
method than the NMR (measured in CDCl3) due to the fact the nuclear magnetic resonance
in CDCl3 does not show hydroxyl groups reliably. All infrared spectra of reactants and
products of the one-pot synthesis of the thermoset mixture are shown in Figure 4.
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Figure 4. The FT-IR spectra of used reactants and products of one-pot synthesis. (a) Rapeseed oil
(RO); (b) Epoxidized rapeseed oil (ERO); (c) One-pot thermoset mixture containing methacrylated
rapeseed oil and methacrylated methyl lactate (MRO + MeLaMMA).

The disappearance of signals of unsaturated bonds within the rapeseed oil (RO)
structure (peak b) is evident. There is a signal belonging to the epoxy functional groups
(peak c) in the structure of epoxidized rapeseed oil (ERO). The final product containing
both methacrylated rapeseed oil (MRO) and methacrylated methyl lactate (MeLaMMA)
shows both signals for hydroxyl groups (peak e) and regained signals for unsaturated
bonds which belong to methacrylate groups (peak d).

3.2.2. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) was used for the hydrogen-containing carbon
structure confirmation of synthesized products and used reactants. The method was used
mainly for the confirmation of the appearance and disappearance of particular signals
which belong to hydrogen atoms in certain structural positions. The NMR spectra were
not integrated and used for the calculation of an exact number of hydrogen atoms since
the oil structure is not exactly defined and contains multiple different fatty acid structures.
However, the particular signals which refer to certain functional groups (provided via
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hydrogen atom signal position) can be found in spectra. All spectra of reactants and
products of the one-pot synthesis of the thermoset mixture are shown in Figure 5.
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The most evident confirmation of the epoxidation of rapeseed oil (RO) is the appear-
ance of the signal referring to epoxy functional groups (peaks g) as well as the disappearance
of unsaturated bonds signals (peaks a and e) in the structure of epoxidized rapeseed oil
(ERO). The further modification of oil resulting in the synthesis of methacrylated rapeseed
oil (MRO) and methacrylated methyl lactate (MeLaMMA), as a previously formed molecule,
is proved by the appearance of other peaks described in the spectrum (c).

3.3. Physical-Chemical Properties Characterization
3.3.1. Viscometry

The monitoring of the rheological properties of synthesized precursors is essential for
their complete description and suggestion for further usage. The viscosity of polymerizable
precursor is one of the most important factors due to, e.g., its enormous impact on the
thickness of formed coated layers. The synthesis and production process itself relies on
the viscosities of particular components in the reaction. The dependences of apparent
viscosities of each reactant and product of the whole one-pot multiple steps synthesis
on increasing temperature were investigated to closely describe their behavior during
the working process or their storage. The dependencies are shown in Figure 6. It is
evident that methacrylated rapeseed oil (MRO) has the highest values of apparent viscosity
in comparison with other molecules. It is the consequence of the presence of hydroxyl
functional groups in its structure (as FT-TR, NMR, and H.V. confirm as well). This functional
group is capable of forming hydrogen bonding, therefore more intermolecular interactions
are formed, which increases the cohesion of the precursor and its viscosity. The epoxidized
rapeseed oil (ERO) has lower values of viscosity than MRO but higher than crude rapeseed
oil (RO) and the mixture of MRO and methyl lactate methacrylate (MeLaMMA) as a product
of one-pot synthesis using double excess of methacrylic acid (ratio of epoxy groups to MA
was 1:2). The epoxy functional groups cannot form hydrogen bonding but their ability
to exhibit more Keesom and Debye interactions (relying on permanent dipole moment
of a molecule) causes their viscosity’s increase. Reported viscosities of epoxidized and
acrylated soybean oil, which are similar to rapeseed oil from the structural point, reach the
same viscosities as the presented synthesized materials [30].

Polymers 2023, 15, x FOR PEER REVIEW 14 of 23 
 

 

3.3. Physical-Chemical Properties Characterization 
3.3.1. Viscometry 

The monitoring of the rheological properties of synthesized precursors is essential 
for their complete description and suggestion for further usage. The viscosity of polymer-
izable precursor is one of the most important factors due to, e.g., its enormous impact on 
the thickness of formed coated layers. The synthesis and production process itself relies 
on the viscosities of particular components in the reaction. The dependences of apparent 
viscosities of each reactant and product of the whole one-pot multiple steps synthesis on 
increasing temperature were investigated to closely describe their behavior during the 
working process or their storage. The dependencies are shown in Figure 6. It is evident 
that methacrylated rapeseed oil (MRO) has the highest values of apparent viscosity in 
comparison with other molecules. It is the consequence of the presence of hydroxyl func-
tional groups in its structure (as FT-TR, NMR, and H.V. confirm as well). This functional 
group is capable of forming hydrogen bonding, therefore more intermolecular interac-
tions are formed, which increases the cohesion of the precursor and its viscosity. The epox-
idized rapeseed oil (ERO) has lower values of viscosity than MRO but higher than crude 
rapeseed oil (RO) and the mixture of MRO and methyl lactate methacrylate (MeLaMMA) 
as a product of one-pot synthesis using double excess of methacrylic acid (ratio of epoxy 
groups to MA was 1:2). The epoxy functional groups cannot form hydrogen bonding but 
their ability to exhibit more Keesom and Debye interactions (relying on permanent dipole 
moment of a molecule) causes their viscosity’s increase. Reported viscosities of epoxidized 
and acrylated soybean oil, which are similar to rapeseed oil from the structural point, 
reach the same viscosities as the presented synthesized materials [30]. 

 
Figure 6. The dependence of the apparent viscosity of all used matrices in the synthesis process on 
temperature. 

The dependences of apparent viscosity on increasing temperature obeying the Ar-
rhenius equation were investigated. We can find a basic exponential model describing the 
decrease of apparent viscosity with increasing temperature [31]. According to the litera-
ture, the effect on viscosity by increasing temperature is described by Equation (7): 𝜂 = 𝜂ஶ𝑒ாೌோ், (7) 

where η stands for apparent viscosity (in general, for Newtonian fluids it stands for dy-
namic viscosity) (Pa·s); η∞ is a pre-exponential factor which is usually considered to be an 

10

100

1000

10000

20 25 30 35 40 45 50 55 60 65 70 75 80

η
(m

Pa
·s)

T (°C)

RO
ERO
MRO
MRO+MeLaMMA

Figure 6. The dependence of the apparent viscosity of all used matrices in the synthesis process on
temperature.

The dependences of apparent viscosity on increasing temperature obeying the Arrhe-
nius equation were investigated. We can find a basic exponential model describing the
decrease of apparent viscosity with increasing temperature [31]. According to the literature,
the effect on viscosity by increasing temperature is described by Equation (7):

η = η∞e
Ea
RT , (7)
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where η stands for apparent viscosity (in general, for Newtonian fluids it stands for dynamic
viscosity) (Pa·s); η∞ is a pre-exponential factor which is usually considered to be an infinite-
temperature viscosity (Pa·s); Ea is exponential constant and often described as activation
energy (J/mol); R is the gas constant (J/(mol·K)) and T is the thermodynamic temperature
(K). Usually, this equation is rearranged using a logarithm addition to generate the linear
function which describes the following equation:

ln η =
Ea

R
· 1
T
+ ln η∞, (8)

when the dependence of ln (η) on 1/T is constructed, we can obtain the activation energy
(Ea) from the slope by multiplying it by R, and also, we can extract the infinite-temperature
viscosity (η∞) from the y-intercept by applying exponential operation.

The Arrhenius graphs are displayed in Figure S4, and the calculation of particular
quantities is written in Table 6. The one-pot mixture described in the following graph and
table is consisted of methacrylated rapeseed oil (MRO) and methyl lactate methacrylate
(MeLaMMA) after the reaction using double molar methacrylic acid excess (1:2 mol) (epoxy
groups:MA).

Table 6. Calculated parameters from Arrhenius equation applied on reactants and products of syntheses.

Arrhenius Function Parameters

System η30◦C (mPa·s) η∞ (mPa·s) Ea (kJ/(mol·K)) R2

Rapeseed oil (RO) 105.9 2.00 × 10−2 21.6 0.997
Epoxidized rapeseed oil (ERO) 330.6 8.60 × 10−5 38.2 0.995

Methacrylated rapeseed oil (MRO) 1790.2 5.04 × 10−6 49.6 0.993
Methyl lactate methacrylate (MeLaMMA) * 3.0 – – –

One-pot precursor mixture (MRO + MeLaMMA) 142.6 5.56 × 10−3 25.6 0.993

* Apparent viscosity of MeLaMMA was measured only at 30 ◦C due to its low viscosity values.

MeLaMMA decreases the apparent viscosity of the mixture with MRO tremendously.
The mass content of MeLaMMA in a mixture is approximately 45% w/w after the one-pot
reaction. Additionally, the dependence of the apparent viscosity of the system on the mass
content of MeLaMMA in the mixture was investigated since the methacrylated methyl
lactate could be synthesized separately and worked as a viscosity modifier. The measured
dependence is shown in Figure 7. The dependence was measured and constructed from zero
concentration of MeLaMMA up to the amount resulting in the one-pot synthesis process
(45% w/w content of MeLaMMA), because higher excess of MA during the synthesis
process is not needed.
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3.3.2. Polymerization Activity

Synthesized precursors were analyzed via differential scanning calorimetry (DSC)
to obtain data regarding their polymerization reactivity. The main aim was to determine
whether the produced one-pot thermoset mixture exhibits a better or worse ability to
be polymerized. The investigation consisted of mixing the precursor with a thermal
initiator and then measuring all mixtures using different temperature-increasing rates to
calculate parameters occurring in the equation referring to Kissinger’s theory. According
to Kissinger’s theory, the heating rate (β) and measured values regarding exothermic peak
temperatures (Tp) are present in the following equation [32]:

ln
(

β

Tp2

)
= ln

(
AR
E

)
− E

R
· 1
Tp

, (9)

where β is the heating rate (◦C/min); Tp is exothermic peak temperature (◦C); A is a pre-
exponential factor (-); E is the activation energy of the reaction (J/mol) and R is the gas
constant (J/(mol·K)). The results of calorimetric analyses are graphically illustrated in
Figure 8.

Polymers 2023, 15, x FOR PEER REVIEW 16 of 23 
 

 

 
Figure 7. The dependence of the apparent viscosity of the mixture consisted of methacryled rape-
seed oil and methyl lactate on the mass percentage content of methacrylated methyl lactate. 

3.3.2. Polymerization Activity 
Synthesized precursors were analyzed via differential scanning calorimetry (DSC) to 

obtain data regarding their polymerization reactivity. The main aim was to determine 
whether the produced one-pot thermoset mixture exhibits a better or worse ability to be 
polymerized. The investigation consisted of mixing the precursor with a thermal initiator 
and then measuring all mixtures using different temperature-increasing rates to calculate 
parameters occurring in the equation referring to Kissinger’s theory. According to Kissin-
ger’s theory, the heating rate (β) and measured values regarding exothermic peak temper-
atures (Tp) are present in the following equation [32]: ln ቆ 𝛽𝑇௣ଶቇ = ln ൬𝐴𝑅𝐸 ൰ − 𝐸𝑅 ∙ 1𝑇௣, (9)

where β is the heating rate (°C/min); Tp is exothermic peak temperature (°C); A is a pre-
exponential factor (-); E is the activation energy of the reaction (J/mol) and Ris the gas 
constant (J/(mol·K)). The results of calorimetric analyses are graphically illustrated in Fig-
ure 8. 

  
(a) (b) 

100

1000

0 5 10 15 20 25 30 35 40 45

η
(m

Pa
·s)

mMeLaMMA (% w/w)

MRO+MeLaMMA

Figure 8. (a) DSC graphs comparing the exothermic polymerization enthalpy release of the synthe-
sized precursors at a heating rate of 10 ◦C/min. (b) DSC curves of one-pot thermoset resin containing
both methacrylated rapeseed oil (MRO) and methacrylated methyl lactate (MeLaMMA) at different
heating ramps.

From the thermograms, it is evident that methacrylated rapeseed oil (MRO) exhibits
the lowest reactivity considering a thermal-initiation polymerization. The peak temperature
of MRO reaches a higher value (179.1 ◦C) than MeLaMMA (157.3 ◦C). The one-pot syn-
thesized resin mixture containing both polymerizable monomers (MRO and MeLaMMA)
exhibited the lowest peak temperature at 151.0 ◦C during the DSC analysis at a 10 ◦C/min
heating rate. The shown DSC curves confirm that mixing MRO with MeLaMMA dur-
ing their synthesis has a beneficial effect on the mixture’s polymerization reactivity. A
higher reactivity connected to the fast enthalpy release of MeLaMMA is caused by the
mono-functional polymerizable structure of MeLaMMA. In the thermogram of the mix-
ture, the initiation process reached a faster rate for sterically available structures than for
poly-functional MRO composed of the complex carbon backbone, which is manifested as a
peak tail around 180 ◦C (which corresponds to pure MRO). The measured values of the
peak temperatures for each produced precursor at different heating rates and the calculated
parameters (activation energy E and pre-exponential factor A) are shown in Table 7 and
graphically illustrated in Figure S5.



Polymers 2023, 15, 1811 16 of 21

Table 7. Measured peak temperatures and calculated Kissinger’s equation parameters of synthesized
thermosets.

Differential Scanning Calorimetry (DSC)

System
Tp (◦C)

E (kJ/mol) lnA R2
5 ◦C/min 10 ◦C/min 15 ◦C/min 20 ◦C/min

MeLaMMA 148.41 157.28 162.16 165.72 13.7 10.11 0.997
MRO 172.14 179.12 184.52 187.68 20.7 13.59 0.997

MRO + MeLaMMA 144.66 151.03 155.39 157.76 17.3 13.65 0.998

3.3.3. Dynamic Mechanical Properties

The dynamic mechanical properties of cures thermoset consisting of synthesized
polymerized precursors were measured. The glass transition temperature (Tg), which
is connected to the loss of molecules’ solid phase structure organization resulting in the
sudden decrease of the material’s rigidity, was taken as a maximum of loss factor (tan δ).
The cross-linking density (νe, mol/m3) is a thermoset property calculated from the rubbery
elastic theory which includes following equation [33]:

υe =
E′

3RT′
, (10)

where E′ stands for the storage modulus in the rubbery plateau region (E′ at Tg+ 40 ◦C) (Pa);
R is the gas constant (J/(mol·K)) and T′ is the thermodynamic temperature (at Tg + 40 ◦C)
(K). The dependence of the loss factor on temperature together with the Wicket plot of the
samples is shown in Figure 9 and the calculated and determined parameters defined above
(storage modulus, glass transition temperature, and cross-linking density) are shown in
Table 8. The graphs containing dependences of the storage modulus and the loss modulus
on temperature regarding measured thermosets are shown in the supplementary informa-
tion (Figures S6–S8). As can be seen from the Wicket plot of the samples, the data follow
a general relationship between log (loss factor) and log(modulus) of inverted “U” shape
with the exception of a few marginal points of the samples MRO and MeLaMMa + MRO.
The data are reliable and obey the WLF assumption.
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Table 8. The results of dynamic mechanical analysis (DMA) of prepared thermosets.

Dynamic Mechanical Analysis (DMA)

Thermoset E′30◦C (MPa) Tg (◦C) νe (kmol/m3)

MeLaMMA 2610 68.8 37.4
MRO 640 * 14–35 * 56.4

MeLaMMA + MRO 1260 50.0 44.9
* Glass transition temperature (Tg) of MRO was not detected during the DMA we performed. Therefore, we used
mentioned Tg values which were reported in the literature. The cross-linking density (νe) was calculated using
the average reported Tg (24.5 ◦C) [34].

According to the results, MRO is supposed to have the highest cross-linking density
(56.5 kmol/m3) of all produced thermosets. However, the storage modulus of MRO reached
the lowest value (640 MPa), which is due to the fact that compared storage modulus was
taken at 30 ◦C. At this temperature, MRO is above its Tg reaching a rubbery plateau of
storage modulus. On the other hand, MeLaMMA possesses the lowest cross-linking density
(37.4 kmol/m3) and the highest storage modulus (2610 MPa). The mixture containing
approximately 45% w/w content of MeLaMMA mixed with MRO exhibited values of
the cross-linking density and storage modulus in between both individual components
(νe= 44.9 kmol/m3; E′ = 1260 MPa). The highest glass transition temperature (Tg) was
measured for MeLaMMA (68.8 ◦C) and in the mixture with MRO the Tg of the system
decreased (having an average of 50.0 ◦C). The highest value of cross-linking density for
MRO might be the result of the high functionality of the methacrylated oil structure (on
average, the structure contains approximately three polymerizable methacrylic functional
groups). On the other hand, the functionality of MeLaMMA is equal to one and the system
exhibited a cross-linked structure due to the BAPO initiator present during its curing. The
decrease of a cross-linking density can enhance the storage modulus, since the values of E′

for the one-pot mixture increased and so did the material properties of MeLaMMA alone.
The higher storage modulus of MeLaMMA in the combination with the lower cross-linking
density could be the result of the structural characteristics of MeLaMMA. Since the storage
modulus of the material represents the elastic component of the system, MeLaMMA could
be forming a more cured polymeric structure due to its high reactivity and mainly due to its
smaller size. The DMA analysis confirmed that not only can MeLaMMA serve as a viscosity
modifier but its presence in the mixture enhances the dynamic mechanical properties of
the cured thermoset. The results are promising for industrially scalable applications, since
the process uses the majority of methacrylic anhydride mass potential through the process,
while the viscosity can be directly modified, and the material properties are enhanced at
the same time. Methacryled methyl lactate has been synthesized via esterification [32]
which is a more difficult process from the energetic consumption standpoint than the one
described in this work. Another reference describes the synthesis of MeLaMMA using
methyl 2-chloropropionate while reaching the yield of 49% of MeLaMMA [35].

3.3.4. Thermal Stability

Thermo-gravimetric analysis (TGA) was performed on cured thermosets in order to
obtain data regarding their thermal stability. The results of the analyses were used for the
calculation of the heat-resistant index (Ts). The formula leading to the calculation of this
parameter is written in Equation (11) [36]:

Ts = 0.49[T5 + 0.6(T30 − T5)], (11)

where Ts stands for heat-resistant index (-); T5 is temperature at 5% of mass loss (◦C)
and T30 is temperature at 30% of mass loss (◦C). The results and values involve both
the calculated heat-resistant index and inflection point of mass loss (Tmax) at which the
thermal degradation reaches its maximum. The dependence of the weight loss of the
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synthesized thermoset on increasing temperature and its derivation are shown in Figure 10.
The calculated and measured data are summarized in Table 9.
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Table 9. Measured temperatures from TGA and calculated heat-resistant index (Ts) of synthesized
thermosets.

Thermo-Gravimetric Analysis (TGA)

Thermoset T5 (◦C) T30 (◦C) Tmax (◦C) Ts (−)

MeLaMMA 210.5 304.9 358.2 130.9
MRO 311.0 372.0 417.5 170.3

MeLaMMA + MRO 233.1 341.3 426.9 146.0

The results confirm the outcome of DMA which proved that the methacrylated rape-
seed oil (MRO) possesses the highest cross-linking density. According to the TGA measured
values, the MRO reaches the highest heat-resistant index (Ts) (Ts = 170.3) as well as the
highest thermal stability expressed as the temperatures of 5% and 30% of mass loss. On the
other hand, methacrylated methyl lactate (MeLaMMA) exhibits the lowest heat-resistant
index (Ts = 130.9) and both the 5% and 30% mass loss temperatures. The weight loss of the
MeLaMMA sample is undulating, reflecting the inhomogeneous structure of this material.
This is further highlighted in the derivative curve, which contains several peaks where the
temperature is not characteristic, and it changes when more samples are measured. The
synthesized one-pot thermoset mixture reached a heat-resistant index in between both of its
components (Ts = 146.0). Therefore, it has been confirmed that both the cross-linking den-
sity and heat-resistant index increase in the mixture of MRO and MeLaMMA in comparison
with MeLaMMA.

4. Discussion

This work aimed to synthesize the thermoset mixture based on rapeseed oil, which
was modified via epoxidation and then methacrylated using methacrylic acid formed as a
secondary product of the methacrylation of methyl lactate using methacrylic anhydride.
The epoxidation modification of used oil reached a conversion of 86.3% calculated from the
measured OOC parameter of the product. Simultaneously, methacrylated methyl lactate
was produced (98.25% of yield) along with the co-formed methacrylic acid (98.08% of
yield). The epoxidized rapeseed oil was then added to the post-reaction mixture containing
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formed methacrylic acid to study the methacrylation process of an epoxy functional group
within the oil’s structure. Three different reactants’ ratios were calculated to study the
differences in the rates of the reaction processes. The solution containing double excess
of methacrylic acid to epoxy groups exhibited the highest conversion of epoxy groups to
methacrylate groups after 24 h (83.33%). On the other hand, the lowest conversion (23.08%)
was reached with the mixture with an equimolar amount of both epoxy functional groups
and methacrylic acid. This outcome confirms that the methacrylic excess in the mixture
is significantly important to the reaction rate. All synthesized products were structurally
analyzed via FT-IR and 1H NMR methods which verified all changes in the modified
functional groups.

The viscometry of produced thermoset mixture containing both methacrylated rape-
seed oil and methacrylated methyl lactate proved that the presence of modified methyl
lactate decreases the apparent viscosity of synthesized thermoset tremendously. The ap-
parent viscosity of 100% modified oil reached a value of 1790.2 mPa·s and the one-pot
reaction mixture (containing approximately 45% w/w of methacrylated methyl lactate)
exhibited a value of 142.6 mPa·s (both measured at 30 ◦C). Additionally, the polymerization
kinetics of produced thermosets was investigated. The lowest activation energy calcu-
lated from Kissinger’s theory was reached by methacrylated methyl lactate (13.7 kJ/mol)
and the highest by methacrylated rapeseed oil (20.7 kJ/mol). The one-pot synthesized
mixture exhibited a decreased value of activation energy in comparison with the modi-
fied oil (17.3 kJ/mol). The dynamic mechanical analysis confirmed the increases of both
storage modulus (1260 MPa) and glass transition temperature (50.0 ◦C) of the one-pot
synthesized mixture in comparison with methacrylated rapeseed oil’s storage modulus
(640 MPa) and glass transition temperature below the laboratory temperature (14–35 ◦C,
according to literature). Lastly, the thermo-gravimetric analysis measurements uncovered
that the lowest heat-resistant index (Ts = 130.9) was reached for methacrylated methyl
lactate, while the methacrylated oil exhibited the highest (Ts = 170.3) and the one-pot
mixture heat-resistant index was in between (Ts = 146.0) which means that the temperature
resistance of synthesized mixture decreased in comparison with modified oil.

The potential for material application of prepared thermosetting mixture in the fields
of coating technologies is promising based on the acquired results. The main aim of
this work was to synthesize an oil-based polymerizable precursor whose viscosity can be
directly modified. Simultaneously, the mixture consists of methacrylated methyl lactate,
which is a novel compound in the field of material chemistry. The mechanical analyses
performed in this work also confirmed that some properties, such as the storage modulus
of the glass transition temperature, are improved using methacrylated methyl lactate in
the system. A potentially profitable and scalable precursor mixture was synthesized and
described and could be used in several material fields.

5. Conclusions

Several statements can be formulated according to the results obtained. The thermoset
mixture containing both methacrylated methyl lactate and methacrylated vegetable oil
can be synthesized in one batch involving a two steps process. In the first step, the
methacrylated methyl lactate and methacrylic acid are produced following the second
step in which epoxidized vegetable oil is added using the formed methacrylic acid for its
modification. The produced one-pot mixture exhibits lower apparent viscosity than the
methacrylated oil alone, which is an advantageous property for particular applications
(e.g., coating technologies). The presence of methacrylated methyl lactate also enhances
other properties of the system such as glass transition temperature, the storage modulus,
and polymerization reactivity. The advantages of the presence of oil structure in the mixture
are mainly a higher bio-based content, a higher cross-linking density, and an increased
heat-resistance index in comparison with methyl lactate methacrylate.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym15081811/s1, Figure S1: Methacrylated methyl lactate (MeLaMMA):1H
NMR (Figure S1) (CDCl3, 500 MHz): δ(ppm) 6.18 (p; J = 1.08; 1.08; 1.07; 1.07 Hz; 1H), 5.62–5.61 (p;
J = 1.63; 1.63; 1.61; 1.61 Hz; 1H), 5.15–5.11 (q; J = 7.05; 7.05; 7.05 Hz; 1H), 3.73 (s; 3H), 1.95 (t; J = 1.32;
1.32 Hz; 3H), 1.53 (d; J = 7.08 Hz; 3H); Figure S2: Methacrylic acid (MA):1H NMR (Figure S2) (CDCl3,
500 MHz): δ(ppm) 6.26–6.25 (dd; J = 1.52; 0.95 Hz; 1H), 5.69–5.67 (p; J = 1.66; 1.66; 1.63; 1.63 Hz; 1H),
1.96 (dd; J = 1.63; 1.01 Hz; 3H); Figure S3: The dependence of the temperature on time during the
initial phase of oil’s epoxidation; Figure S4: The graphical representation of the Arrhenius equation
applied for a dependence of apparent viscosity on the temperature; Figure S5: Graphical illustration
of Kissinger’s theory applied to synthesized resins; Figure S6: The dependence of the storage modulus
and loss modulus of methacrylated methyl lactate (MeLaMMA) on temperature; Figure S7: The
dependence of the storage modulus and loss modulus of methacrylated rapeseed oil (MeRO) on
temperature; Figure S8: The dependence of the storage modulus and loss modulus of the synthesized
thermoset mixture (containing MeLaMMA and MeRO) on temperature.

Author Contributions: V.J.: conceptualization; experimental work; mathematical calculation; in-
frared analysis; NMR analysis; J.F.: gas chromatography analysis; conceptualization; V.M., Š.K.: DSC
analysis; DMA analysis; TGA analysis; S.F., L.M. and R.P.: supervision, validation. All authors have
read and agreed to the published version of the manuscript.

Funding: V.J.; J.F.: Appreciation to the Ministry of Education, Youth and Sport of the Czech Republic
(project No. FCH-S-23-8208) and (project No. FCH-S-23-8297).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brenner, M.; Popescu, C.; Weichold, O. Anti-Frothing Effect of Poultry Feathers in Bio-Based, Polycondensation-Type Thermoset

Composites. Appl. Sci. 2020, 10, 2150. [CrossRef]
2. Couture, G.; Granado, L.; Fanget, F.; Boutevin, B.; Caillol, S. Limonene-Based Epoxy: Anhydride Thermoset Reaction Study.

Molecules 2018, 23, 2739. [CrossRef] [PubMed]
3. Magalhães, S.; Alves, L.; Medronho, B.; Fonseca, A.C.; Romano, A.; Coelho, J.F.; Norgren, M. Brief Overview on Bio-Based

Adhesives and Sealants. Polymers 2019, 11, 1685. [CrossRef] [PubMed]
4. Noè, C.; Hakkarainen, M.; Sangermano, M. Cationic UV-Curing of Epoxidized Biobased Resins. Polymers 2021, 13, 89. [CrossRef]

[PubMed]
5. Mustapha, R.; Rahmat, A.R.; Abdul Majid, R.; Mustapha SN, H. Vegetable oil-based epoxy resins and their composites with

bio-based hardener: A short review. Polym.-Plast. Technol. Mater. 2019, 58, 1311–1326. [CrossRef]
6. Zheng, L.; McClelland, D.J.; Rehmann, K.M.; Barnett, K.J.; Huber, G.W.; Klier, J. Bio-based 1,5-Pentanediol as a Replacement for

Petroleum-Derived 1,6-Hexanediol for Polyester Polyols, Coatings, and Adhesives. ACS Sustain. Chem. Eng. 2022, 10, 5781–5791.
[CrossRef]

7. Gigante, V.; Panariello, L.; Coltelli, M.B.; Danti, S.; Obisesan, K.A.; Hadrich, A.; Cinelli, P. Liquid and Solid Functional Bio-Based
Coatings. Polymers 2021, 13, 3640. [CrossRef]

8. Guzmán, D.; Santiago, D.; Serra, À.; Ferrando, F. Novel Bio-Based Epoxy Thermosets Based on Triglycidyl Phloroglucinol
Prepared by Thiol-Epoxy Reaction. Polymers 2020, 12, 337. [CrossRef]

9. Sain, S.; Åkesson, D.; Skrifvars, M. Synthesis and Properties of Thermosets from Tung Oil and Furfuryl Methacrylate. Polymers
2020, 12, 258. [CrossRef]

10. Pezzana, L.; Malmström, E.; Johansson, M.; Sangermano, M. UV-Curable Bio-Based Polymers Derived from Industrial Pulp and
Paper Processes. Polymers 2021, 13, 1530. [CrossRef]

11. Blattmann, H.; Mülhaupt, R. Multifunctional β-amino alcohols as bio-based amine curing agents for the isocyanate-and phosgene-
free synthesis of 100% bio-based polyhydroxyurethane thermosets. Green Chem. 2016, 18, 2406–2415. [CrossRef]

12. Morales-Cerrada, R.; Tavernier, R.; Caillol, S. Fully Bio-Based Thermosetting Polyurethanes from Bio-Based Polyols and Iso-
cyanates. Polymers 2021, 13, 1255. [CrossRef] [PubMed]

13. Wu, Y.; Li, C.; Chen, T.; Qiu, R.; Liu, W. Photo-curing 3D printing of micro-scale bamboo fibers reinforced palm oil-based
thermosets composites. Compos. Part A Appl. Sci. Manuf. 2022, 152, 106676. [CrossRef]

14. Biswas, E.; Silva JA, C.; Khan, M.; Quirino, R.L. Synthesis and Properties of Bio-Based Composites from Vegetable Oils and Starch.
Coatings 2022, 12, 1119. [CrossRef]

15. Yu, Z.; Cheng, D.; Gao, B.; Yao, Y.; Liu, C.; Li, J.; Yang, Y. Bio-based Polyurethane Based on a Dynamic Covalent Network with
Damage Tolerance for Controlled Release of Fertilizers. ACS Appl. Mater. Interfaces 2022, 14, 56046–56055. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/polym15081811/s1
https://www.mdpi.com/article/10.3390/polym15081811/s1
http://doi.org/10.3390/app10062150
http://doi.org/10.3390/molecules23112739
http://www.ncbi.nlm.nih.gov/pubmed/30360571
http://doi.org/10.3390/polym11101685
http://www.ncbi.nlm.nih.gov/pubmed/31618916
http://doi.org/10.3390/polym13010089
http://www.ncbi.nlm.nih.gov/pubmed/33379390
http://doi.org/10.1080/25740881.2018.1563119
http://doi.org/10.1021/acssuschemeng.1c08198
http://doi.org/10.3390/polym13213640
http://doi.org/10.3390/polym12020337
http://doi.org/10.3390/polym12020258
http://doi.org/10.3390/polym13091530
http://doi.org/10.1039/C5GC02563J
http://doi.org/10.3390/polym13081255
http://www.ncbi.nlm.nih.gov/pubmed/33924399
http://doi.org/10.1016/j.compositesa.2021.106676
http://doi.org/10.3390/coatings12081119
http://doi.org/10.1021/acsami.2c14672
http://www.ncbi.nlm.nih.gov/pubmed/36484480


Polymers 2023, 15, 1811 21 of 21

16. Saurabh, T.; Patnaik, M.; Bhagt, S.L.; Renge, V.C. Epoxidation of vegetable oils: A review. Int. J. Adv. Eng. Technol 2011, 2, 491–501.
17. Cai, C.; Dai, H.; Chen, R.; Su, C.; Xu, X.; Zhang, S.; Yang, L. Studies on the kinetics of in situ epoxidation of vegetable oils. Eur. J.

Lipid Sci. Technol. 2008, 110, 341–346. [CrossRef]
18. Milchert, E.; Malarczyk, K.; Kłos, M. Technological Aspects of Chemoenzymatic Epoxidation of Fatty Acids, Fatty Acid Esters

and Vegetable Oils: A Review. Molecules 2015, 20, 21481–21493. [CrossRef]
19. Rehberg, C.E.; Dixon, M.B.; Fisher, C.H. Polymerizable Esters of Lactic Acid. α-Carbalkoxyethyl Acrylates and Methacrylates. J.

Am. Chem. Soc. 1945, 67, 208–210. [CrossRef]
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