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This work proposes an efficient production route to sustainable reactive diluents based on modified
glycerol as an alternative to commercial compounds such as 2-hydroxyethyl methacrylate (HEMA) and
ethylene glycol diacrylate (EGDA). The synthesis of methacrylated vegetable oil (MO) was performed
through nucleophilic  substitution catalyzed by an organic base (triethylamine). Glycerol
monomethacrylate (MGLY) and glycerol trimethacrylate (TGLY) were produced by Fischer esterification.
The structural cross-analysis included *H NMR, ESI-MS, and FT-IR. The rheological investigation of
systems composed of 75 wt% MO and 25 wt% reactive diluent confirmed the diluting role of MGLY and
TGLY. The TGLY-based system exhibited a competitive apparent viscosity at 30 °C (9z0.c = 590 mPa s)
and a flow activation energy (E, = 48.4 kJ mol™) comparable to those of commercial HEMA- and
EGDA-based precursors. The testing specimens for DMA, TGA, and mechanical analysis were

successfully fabricated using an mSLA 3D printer, confirming their utility for additive manufacturing. The
Received 28th November 2025

Accepted 12th January 2026 TGLY-containing system outperformed all the investigated thermosets in the crosslinking density (ve =

15.5 kmol m~3), the storage modulus at 30 °C (E' = 473 MPa), and the tensile and flexural moduli. Based
DOI: 10.1039/d55u00891c on the results, synthesized compounds improved the rheological, thermo-mechanical, and mechanical

rsc.li/rscsus properties of MO-based thermosets.

Sustainability spotlight

The proposed work introduces glycerol-based reactive diluents as alternatives to fossil-based commercially available compounds, 2-hydroxyethyl methacrylate
(HEMA) and ethylene glycol diacrylate (EGDA). The synthesized glycerol monomethacrylate and glycerol trimethacrylate reached conversions above 91% and
were characterized by numerous structure-confirming methods ("H NMR, ESI-MS, and FT-IR). Our proposed compounds represent sustainable and environ-
mentally safer reactive precursors with enormous potential in additive technologies such as SLA, MSLA, or DLP 3D printing.

dispersed heterogeneous phase to ensure the best functional
performance.** Additive manufacturing depends enormously

1 Introduction

Reactive diluents play an essential and irreplaceable role in
many material-based applications, such as reactive adhesives,*
coatings,” pultrusion technology,® dental applications,* and
additive manufacturing.” Their primary purpose lies in
decreasing the apparent viscosity of the target working system,
usually possessing excessive flow character. The regulation of
the rheological profile is directly linked to the essential factors
that influence specific applications.® Adhesives and coatings
demand modifiable viscosity due to the thin-layer fabrication.”
Pultrusion on composite matrices for dental applications
requires optimal compatibility of the resin continuum and the
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on the reached viscosity level of the resin-forming precursor
system.® The conventional stereolithography (SLA) technology
requires a polymerizable system triggered through photo-
reactive initiators such as phenylbis(2,4,6-trimethylbenzoyl)
phosphineoxide (BAPO) or diphenyl(2,4,6-trimethylbenzoyl)
phosphine oxide (TPO).® The rheological profile is a critical
property since the 3D printing technology relies on the limited
resin viscosity (usually up to 5 Pa s).* Systems possessing
exceptionally high viscosity (typically high molecular weight
systems or particular compounds from renewable sources, such
as curable vegetable oils) require modification of their flow
properties.' The non-diluted highly viscous precursors applied
in additive manufacturing usually lead to insufficiently detailed
and precisely printed prototypes.’* Next to the SLA 3D printing
approach using a single laser as the irradiation source, other
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instrumental compositions (digital light processing (DLP), etc.)
are included in  processes that perform
photopolymerization.  Generally, vat-photopolymerization
methods involve a photo-reactive resin and an appropriate
initiator placed in a vat. The particular type of irradiation source
selectively triggers the liquid precursor in defined areas and
layers, resulting in a 3D-printed object. With each polymerized
layer, the 3D printing platform, holding the polymerized resin,
moves up by a selected distance.*

Fossil-based reactive diluents are widely used to modify
rheology in numerous applications.'* Volatility is one of the
most  investigated  properties of  viscosity-modifying
compounds. Highly volatile molecules, such as styrene or
methyl methacrylate, produce high levels of volatile organic
compounds (VOCs); therefore, their use could pose health and
environmental hazards.® Several petroleum-based reactive
diluents were engineered to reduce VOCs, leading to less
hazardous compounds, such as ethylene glycol diacrylate
(EGDA),** ethylene glycol methacrylate (EGDMA)," tripropylene
glycol diacrylate (TPGDA),* 1,6-hexanediol diacrylate (HDDA),®
2-hydroxyethyl methacrylate (HEMA),"” or acryloyl morpholine
(ACMO).*® The main differences are properties such as the
mentioned volatility or the polymerization functionality. The
more reactive functional groups, the higher the crosslinking
density of the eventual thermoset.® The modified glycerol
derivatives suitable for curable applications were investigated in
the literature. Poly(glycerol) acrylate was synthesized via
a condensation reaction, serving as a 3D-printable reactive
precursor with high viscosity (6.5 Pa s).>® A similar approach was
applied in another published article focused on sustainable
additive manufacturing.’” Moreover, maleic anhydride-based
glycerol-involving acrylates were proposed and investigated,
representing a highly stretchable 3D printed crosslinked resin.*®
On the other hand, methacrylate glycerol derivatives have not
yet been reported in the literature.

Nowadays, bio-based alternatives are attracting significant
attention due to legislative changes and efforts towards
sustainable manufacturing.*® The statistics of 2024 uncover that
aliphatic-based reactive diluents represent 40.24% of the total
market, where the bio-based representatives are on track for
6.66% until 2030.° Also, the most significant application
segment for reactive diluents was paints and coatings (46.45%)
by 2024, where 3D printed resins could reach a 6.34%
compound annual growth rate (CAGR) through 2030.%°
Numerous commercial bio-based reactive diluents are available
on the market, such as isobornyl acrylate (IBOA),** isobornyl
methacrylate (IBOMA),**> epoxidized soybean oil (ESO),* fur-
furylglycidyl ether (FGE),® or methacrylated eugenol (ME).>*
Although these compounds contain structures from renewable
sources, their availability and price are the most challenging
factors connected to their utility in the global reactive diluent
market.”® Besides their high cost, several highly reactive and
hazardous chemicals are used for their fabrication, such as acyl
halides,*® carboxyl anhydrides,* or glycidyl derivatives.”® The
exceptional reactivity of the reactants used increases the
expenses and hazardous impact connected to their production.®

vat-

1082 | RSC Sustainability, 2026, 4, 1081-1096

View Article Online

Paper

Fossil-Based
o
O
A —_— YJ\ o ~OH

2-Hydroxyethyl Methacrylate
(HEMA)

Ethylene
Oxide

(o)

HO/Y\OH - 5 HO/Y\OJ\K
OH

Glycerol Glycerol Monomethacrylate

=
=

Fig. 1 Two representatives of mono-functional aliphatic reactive
diluents — the fossil-based 2-hydroxyethyl methacrylate (HEMA) and
bio-based glycerol monomethacrylate (MGLY) compounds investi-
gated in this work.

This work investigates the synthesis, characterization, and
application of sustainable compounds derived from glycerol, an
available aliphatic starting material. Methacrylic acid, a cheap
and less hazardous reactant compared to the commonly used
acyl halides or anhydrides, was used to modify glycerol into
curable low-viscosity precursors. The main aim of this study is
to suggest appropriate alternatives to currently widely used
reactive diluents, ethylene glycol diacrylate and 2-hydroxyethyl
methacrylate (illustrated in Fig. 1). Next to the selection of
available and suitable reactants, the solvent-less synthesis using
vacuum distillation was introduced to emphasize the process's
scalability, which is linked to the limitation on VOC generation.
The synthesized bio-based reactive diluent alternatives, glycerol
monomethacrylate (MGLY) and glycerol trimethacrylate (TGLY),
were characterized via "H NMR, ESI-MS, and FT-IR analyses.
This work also involves the synthesis of methacrylated vegetable
oil (MO), a highly viscous, curable precursor suitable for addi-
tive manufacturing. This system demonstrated the effects of
commercial and synthesized bio-based reactive diluents. We
prepared a total of 4 systems containing highly viscous MO
diluted with the reference and custom reactive diluents to
investigate the rheological profile, thermal stability, thermo-
mechanical properties, and tensile/flexural deformation char-
acteristics of the liquid precursors and the 3D-printed test
specimens. Eventually, we summarized the positive and nega-
tive outcomes of applying commercial and custom-synthesized
diluents, as determined by the performed experiments.

2 Experimental section
2.1 Materials

Glycerol (99%), potassium hydroxide (99%), sulfuric acid (98%),
sodium sulfate (99%, anhydrous), and ethyl acetate (99%) were
purchased from Penta Ltd (Czech Republic). Epoxidized vege-
table oil (99%), methacrylic acid (98%, MeQH stabilized), tri-
ethylamine (99%) BAPO (photoinitiator, phenylbis(2,4,6-
trimethylbenzoyl)phosphine  oxide, 98%), d-chloroform
(solvent for NMR analyses, CDCl;), 2-hydroxyethyl methacry-
late (97%), and ethylene glycol diacrylate (EGDA, 98%) were
obtained from Sigma-Aldrich (Merck, Germany).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The reaction scheme of methacrylated vegetable oil synthesis through methacrylation catalyzed by triethylamine.

2.2 Structural verification methods

Acid value (A. V.) quantifies the number of acidic functional
groups. The applied norm for the A. V. was CSN EN ISO 660. The
sample size was 100 mg.

Nuclear magnetic resonance (NMR) was applied to obtain 'H
spectra to confirm the structural identity of the synthesized
compounds. We used a Bruker Avance III 500 MHz (Bruker,
Billerica, MA, USA). The measuring frequency was 500 MHz
for "H NMR. The measurements were performed at 30 °C using
d-chloroform (CDCl;) as the solvent with tetramethylsilane
(TMS) as the internal standard. The sample concentration was
10 mg mL~". The chemical shifts () are expressed in parts per
million (ppm) units, referenced to a solvent. The coupling
constant (/) is expressed with the frequency unit (Hz), with
coupling expressed as s-singlet, d-doublet, t-triplet, q-quartet, p-
quintet, and m-multiplet.

Electrospray mass spectrometry (ESI-MS) contributed to the
structural cross-analysis of synthesized compounds. We used
a Bruker EVOQ LC-TQ (Bruker, Billerica, MA, USA) instrument
for the measurements. Product scan spectra were obtained by
fragmentation of the following molecular precursor ions (M —
H,0 + H]"), detailed in the synthesis section for every produced
compound. Collision energy spread (5-20 eV) improved the
collected MS/MS data quality. Furthermore, the obtained mass
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Table 1 The reaction mixture composition for MGLY and TGLY
synthesis

Glycerol Methacrylic Catalyst sulfuric
Product (&) acid (g) acid (g)
MGLY 92 86 0.98
TGLY 92 258 0.98

spectra agree with their in silico predictions by CFM-ID 4.0,*
which also proposed product-ion structures for the most
intense masses. The sample concentration was 10 ug mL ™"

Fourier-transform infrared spectroscopy (FT-IR) was used as
a structural confirmation method to detect specific functional
groups in the synthesized compounds. Analyses were per-
formed using a Bruker Tensor 27 (Billerica, MA, USA) and the
attenuated total reflectance (ATR) method. Diamond served as
a dispersion component. A diode laser was the irradiation
source in this spectroscope. A Michelson interferometer was
used to quantify the signal. Spectra comprised 32 scans, with
a resolution of 2 cm ™. The sample size was 50 mg.

2.3 Methacrylated vegetable oil synthesis

Epoxidized vegetable oil (500 g with OOC 6.2%, 1.9 molar
equiv.) was transferred into a 1000 mL round-bottom flask
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Fig. 3 The reaction scheme of methacrylated glycerol derivative synthesis (glycerol monomethacrylate (MGLY) and glycerol trimethacrylate
(TGLY)) through Fischer esterification catalyzed by sulfuric acid. Recreated with permission under a Creative Commons license (http://
creativecommons.org/licenses/by/4.0/) from ref. 59 Copyright (2018), MDPI.
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together with methacrylic acid (195 g, 1.9 mol). The reaction
solution was heated in an oil bath to the reaction temperature
(120 °C). After pre-heating, the catalyst (triethylamine, 6 g, 0.06
mol) was added to the reaction batch. The methacrylation
reaction (see Fig. 2) was performed until the acid value reached
10 mg KOH per g (representing 91.1% conversion). The purifi-
cation process involved diluting the product with ethyl acetate
(1:1 by volume) to reduce viscosity. The diluted crude product
was neutralized with a potassium hydroxide solution and
washed twice with distilled water to remove the formed salts
and the catalyst. Lastly, the diluting ethyl acetate was removed
via distillation. The pure methacrylated vegetable oil was
characterized by "H NMR and FT-IR analyses.

"H NMR of methacrylated vegetable oil (Fig. S1) (500 MHz,
CDCl;): 6 6.12 (d, J = 1.5 Hz, 2H), 5.59 (q,J = 2.1 Hz, 2H), 4.28
(dd, J = 11.9, 4.3 Hz, 2H), 4.17-4.07 (m, 3H), 2.31 (tt, ] = 7.6,
2.4 Hz, 6H), 2.17-1.88 (m, 12H), 1.75-1.11 (m, 78H), 0.90 (tt, ] =
7.1, 1.6 Hz, 9H).

The FTIR spectrum of methacrylated vegetable oil (Fig. S2) with
wavenumber intervals: O-H stretching at 3550-3200 cm ™', C-H
stretching at 3000-2840 cm ', C=O0 (ester) stretching at 1750~
1735 ecm !, C=C stretching at 1662-1626 cm ', C-O (ester)
stretching at 1210-1163 c¢cm ', and C=C bending at 840-

790 cm L.

2.4 Methacrylated glycerol derivative synthesis

Two different derivatives were synthesized - the mono-functional
glycerol monomethacrylate (MGLY) and the multi-functional
glycerol trimethacrylate (TGLY) (see Table 1). The MGLY
synthesis involved three reactants: glycerol (92 g, 1 mol), meth-
acrylic acid (86 g, 1 mol), and sulfuric acid (0.98 g, 0.01 mol).
Glycerol and the catalyst were mixed in a three-necked 500 mL
round-bottom flask in an oil bath at 110 °C. Methacrylic acid was
continuously added to the reaction mixture using a dripping
funnel for 30 minutes. Equimolar esterification (see Fig. 3) was
performed for 3 hours until the reaction mixture reached an acid
value of 26 mg KOH per g (representing 91.7% conversion). The
reaction water was removed by vacuum distillation at 200 torr. The
purification involved mixing the crude product in ethyl acetate (1 :
1 by volume). Then we neutralized the remaining methacrylic and
sulfuric acid and quenched the mixture with water. Finally, the
neutralized and purified product was separated from ethyl acetate
by distillation.

The MGLY synthesis also involved three reactants: glycerol
(92 g, 1 mol), methacrylic acid (258 g, 3 mol), and sulfuric acid
(0.98 g, 0.01 mol). The reaction mixture contained glycerol and
methacrylic acid and was pre-heated to 110 °C. After the pre-
heating, the catalyst was introduced. The molar excess esterifi-
cation lasted 3 hours, during which the acid value reached
30 mg KOH per g (representing 93.8% conversion). The reaction
water was removed by vacuum distillation at 200 torr. After the
reaction, the synthesized TGLY was neutralized with potassium
hydroxide (water solution) and washed with distilled water. The
purified TGLY was dried over anhydrous sodium sulfate. The
synthesized MGLY and TGLY were characterized by "H NMR,
ESI-MS, and FT-IR.
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"H NMR of glycerol monomethacrylate (MGLY) (Fig. S3) (500
MHz, CDCl,): 6 6.15 (q, ] = 1.2 Hz, 1H), 5.65-5.57 (m, 1H), 4.36—
4.15 (m, 2H), 4.15-3.75 (m, 1H), 3.72-3.44 (m, 2H), 1.96 (t, ] =
1.3 Hz, 3H).

The FTIR spectrum of glycerol monomethacrylate (MGLY)
(Fig. S4) with wavenumber intervals: C-H stretch at 3000-
2840 cm™ ', C=0 (ester) stretch at 1750-1735 cm ', C=C
stretch at 1662-1626 cm ', C-O (ester) stretch at 1210-
1163 cm ', and C=C bend at 840-790 cm ™.

The ESI-MS (Fig. S5) fragmentation spectrum of glycerol
monomethacrylate (MGLY) (C;H;,0,) spectrum calc. [M — H,0
+ H]" 143.2 m/z, found 142.9 m/z.

'"H NMR of glycerol trimethacrylate (TGLY) (Fig. S6) (500
MHz, CDCl;) 6 6.17-6.05 (m, 3H), 5.61 (dtd, J = 10.0, 3.2, 1.6 Hz,
3H), 5.44 (tt, ] = 6.0, 4.4 Hz, 1H), 4.46-4.15 (m, 4H), 1.95 (dt, ] =
12.7, 1.4 Hz, 9H).

The FTIR spectrum of glycerol trimethacrylate (TGLY)
(Fig. S7) with absorption wavenumber intervals: C-H stretch at
3000-2840 cm ™', C=O0 (ester) stretch at 1750-1735 cm ™', C=C
stretch at 1662-1626 cm ', C-O (ester) stretch at 1210-
1163 cm ™', and C=C bend at 840-790 cm .

The ESI-MS (Fig. S8) fragmentation spectrum of glycerol
trimethacrylate (TGLY) (C15H,00¢) spectrum calc. [M — H,O +
H]" 296.3 m/z, found 296.1 m/z.

2.5 Rheological study

The synthesized glycerol derivatives were designed to become
alternatives to currently used fossil-based reactive diluents. The
rheological study was conducted to confirm their diluting
character. We used the TA Instruments rheometer AR-G2 (ARES-
G2, New Castle, DE, USA) for the investigation. The prepared
systems (containing 25 wt% of a particular reactive diluent)
were measured under the following conditions: 500 pL of
sample, a Peltier platform and cone-plate geometry (40 mm, 2°
angle), a shear rate of 10 s*, and a temperature ramp from 25 to
60 °C. The Arrhenian plot (1) is formulated as follows (1):*

E, 1
Iny= 7+, (1)

where the dependence of apparent viscosity In(n) (—) on the
reverse value of temperature 1/7 (K ) is constructed. The flow
activation energy E, (J mol ') is extracted from the slope by
multiplying it by the universal gas constant R (J (mol™* K™")).
Also, we can obtain the pre-exponential factor (infinite viscosity)
N« (Pa s) from the y-intercept.

2.6 3D printing of synthesized systems

We used a PRUSA SL1 3D printer (Prusa Research Ltd, Czech
Republic) for the experiments. We formulated mixtures contain-
ing 25 wt% of each reactive diluent in methacrylated vegetable oil.
The prepared systems were mixed with a type I photoinitiator
BAPO (1 wt%). The print settings were as follows: the first layer's
exposure time was 30 seconds, and all subsequent layers' exposure
time was 15 seconds. The set layer thickness was 50 pum. After
printing, the samples were cleaned with isopropanol and post-
cured under 405 nm LED light for 2 hours.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.7 The 3D printed specimens’ characterization

Dynamic mechanical analysis (DMA) provided information on the
glass transition temperature and crosslinking density of the
prepared 3D-printed cured systems. We used DMA RSA-G2 from
TA Instruments (New Castle, DE, USA). Testing specimens with
typical dimensions of 50 x 10 x 4 mm fabricated by additive
manufacturing were measured. The specimens were mounted in
a dual cantilever geometry and subjected to cyclic deformation
with a 25 pm amplitude and a 1 Hz frequency. The samples were
heated from room temperature to 120 °C at a rate of 3 °C min .
The glass-transition temperature (T,) and the crosslinking density
(ve) were calculated for all tested systems to provide information
regarding the thermoset molecular structure. The equation
leading to the v, calculation is formulated as follows:*

= IRT 2

where v, is the crosslinking density (mol m*); ' stands for the
storage modulus in the rubbery plateau region (£ at T, + 40 °C)
(Pa); R is the universal gas constant (J (mol~* K™!)); and T’ is the
thermodynamic temperature in the rubbery plateau region (at
Ty + 40 °C) (K).

Thermo-gravimetric analysis (TGA) was used to investigate
the thermal stability of the synthesized systems. The analysis
was conducted on a TGA Q500 from TA Instruments (New
Castle, DE, USA). The degradation of a sample (10-15 mg) was
monitored using the following heating program: equilibration
at 40 °C; heating to 600 °C at 10 °C min~" under N,; and 10 min
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at 600 °C under an air atmosphere. The heat-resistant index was
obtained from the proposed eqn (3):*

T, = 0.49[Ts + 0.6(Ts0 — T5)] 3)

where Ty is the heat-resistant index (°C); Ts stands for the
temperature at 5% mass loss (°C); and T, stands for the
temperature at 30% mass loss (°C).

The mechanical properties of prepared mixtures were deter-
mined using tensile and flexural testing. Both tests were per-
formed on a Zwick Z 010 testing machine (ZwickRoell GmbH &
Co., Ulm, Germany) equipped with a 500 N load cell. The tensile
test was performed according to the CSN EN ISO 527 standard
using standardized double-paddle specimens (dogbones 5A) with
a 4 x 2 mm cross-sectional area (five specimens were measured).
The test speed was set to 5 mm min~". The flexural test followed
CSN EN ISO 178 using standard rectangular specimens with
dimensions of 80 x 10 x 4 mm. The loading nose and support
radius were 5 mm, with a support span of 64 mm (five specimens

were measured). The test speed was set to 10 mm min .

2.8 Statistical analysis

Statistical analysis software SPSS-20.0 (IBM product of Chicago,
United States) was utilized to analyze the data. The results were
presented in terms of arithmetic modules and strengths with
standard deviation. The one-way ANOVA test was utilized to
provide statistical information regarding the performed tensile
and flexural tests. Post hoc Tukey's test was performed to
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Fig. 4 The FTIR spectra of the synthesized products MO, MGLY, and TGLY.
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compare the difference of values among the tested polymerized
systems. The significance level was located when p-value < 0.05.

3 Results and discussion
3.1 Synthesized systems' structural analysis

The bio-based curable precursors, methacrylated vegetable oil
and methacrylated glycerol derivatives, were synthesized via
a nucleophilic substitution and the Fischer esterification using
methacrylic acid as a functionalizing agent. This approach is
typical for curable triacylglycerides;'*** however, modified
glycerol is usually synthesized using more reactive carboxylic
derivatives. Typically, acyl halides,** anhydrides,*” or esters*® are
used for the synthesis of curable modified glycerol derivatives,
which increases the process's cost and complicates the up-
scaling and manipulation due to the increased toxicity. Also,
these approaches are environmentally unfriendly due to their
toxicity, potential VOC generation, and the disposal of
secondary products (such as hydrochloric acid or the secondary
carboxylic acid formed). The Fischer esterification approach,
coupled with vacuum distillation of the forming water,
addresses many of the listed issues. Methacrylic acid is much
less volatile than other reactive derivatives, reducing associated
risks and VOC emissions. Additionally, the secondary reaction
product is efficiently disposable water, rather than the halide
acid, carboxylic acid, or volatile alcohol from transesterification.
The structural characterization of the obtained bio-based
curable products was carried out using a range of instru-
mental methods.

We present the 'H NMR results in Fig. 5 together with the
visual appearance of the synthesized compounds. All products
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were also characterized and confirmed by FT-IR (see Fig. 4), and
the glycerol derivatives were confirmed using ESI-MS analysis
(see the results in Fig. S5 and S8). The chemical structures of the
synthesized products (MO, MGLY, and TGLY) and the reference
compounds (EGDA and HEMA) are summarized in Table 2,
along with the bio-based content values. The bio-based content
represents the overall weight of materials obtained from
renewable sources, which is significant for suggesting suitable
substitutes for fossil-based systems. Moreover, our proposed
synthesis path offers a much safer and more efficient produc-
tion approach than EGDA and HEMA synthesis. The reference
fossil-based diluents are fabricated from toxic and volatile
compounds (ethylene oxide and acryloyl halide), which not only
exclude bio-based content from the final product but also
require specialized production steps to yield the final mole-
cules.®*® Our esterification approach involves only the
condensation reaction, in which water is formed as a byproduct.
Therefore, the direct esterification promises a significantly
more efficient and rational production route.

The obtained "H NMR spectra confirm all protons present in
the synthesized bio-based structures. The typical alkene signals
occur in the same chemical shift interval for all the synthesized
molecules (6.25-5.50 ppm). This functional group is the most
essential part of the structures since it is responsible for
curability properties. The inner carbon backbone protons in the
chemical shift range of 4.50-3.50 ppm are crucial for charac-
terizing the present glycerol and its derivatives. The methacry-
lated vegetable oil (Fig. 5, top) and glycerol trimethacrylate
(Fig. 5, bottom) exhibit the same proton signals in this chemical
shift interval. This confirms the complete methacrylation of
TGLY, as this result is identical to that of other fully esterified

Table 2 The chemical structures and bio-based contents summarized for the studied molecules

Molecule Structure Bio-based content
(o]
) A
o
o P aseed
MO Homo 0?° 77.1 wt%
OH
© o
OYK
o]
OH
MGLY Ao Alom 57.5 wt%
(o)
O;O
TGLY 31.1 wt%
o\/VoT(J\
Y
EGDA Ay O o 0 Wt%
(e]
(@]
HEMA \H)LO”\/OH 0 wt%
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Fig. 5 The *H NMR spectra and the appearance images of the synthesized products — methacrylated vegetable oil (top), glycerol mono-

methacrylate (middle), and glycerol trimethacrylate (bottom).

glycerol derivatives.’” In contrast, the MGLY's "H NMR spec-
trum (Fig. 5, middle) uncovers the signal shifts due to the free
hydroxyl appearance (confirmed by FT-IR and ESI-MS). In
addition to the calculation of integrated protons (see SI, Fig. S1,
S3, and S6), the chemical structures of all synthesized products
were verified. FT-IR and ESI-MS analyses were used not only to
confirm the chemical structure but also to identify free hydroxyl
groups. Since the d-chloroform used is not ideal for the study of
hydroxyl groups,®® the presence of hydroxyl groups in the
produced compounds was confirmed using these methods.

3.2 The diluting properties of the synthesized glycerol
derivatives

The modified triacylglycerides used as photo-curable resins
typically exhibit high viscosity.’® The primary purpose of the
synthesized TGLY and MGLY is to decrease the viscosity while

© 2026 The Author(s). Published by the Royal Society of Chemistry

incorporating into the formed thermoset molecular structure.
Usually, non-polar, entirely functionalized curable compounds,
such as EGDA, have very low viscosity due to their low molecular
weight and the absence of polar or hydrogen-bonding func-
tional groups.® Although HEMA contains one free hydroxyl
functional group, its viscosity remains very low due to the
molecular weight of its structure.** We performed the rheolog-
ical study, uncovering the diluting effect of the synthesized
TGLY and MGLY compared to the commercially used EGDA and
HEMA. The synthesized compounds represent structural alter-
natives to the fossil-based molecules. TGLY contains only ester
functional groups, without any polar, hydrogen-bond-forming
free hydroxyl groups (similar to EGDA). At the same time,
MGLY serves as an alternative to HEMA, containing two free
hydroxyl groups and possessing a high bio-based content
(57.5 wt%). The results describing the rheological character of
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Fig. 6 The rheological investigation of diluted methacrylate vegetable oil (MO) systems containing 25 wt% of the reactive diluent used (top left)
and a zoom-in (top right). The graphical interpretation of the Arrhenius equation (bottom left) applied to the investigated systems (bottom right).

the systems containing 25 wt% of the reactive diluent (a typical
weight content used for additive manufacturing)*® are summa-
rized and graphically interpreted in Fig. 6. The numerical values
calculated from the Arrhenius equation are listed in Table 3.
The rheological investigation uncovered several advantages
of the commercial reactive diluents over the bio-based synthe-
sized compounds. The most critical parameters, the apparent
viscosity at 30 °C (n30oc) and the flow activation energy (E,),
reached lower values for the measured oil-diluent systems
containing HEMA (7300c reaching 314 mPa s and E, reaching
42.0 k] mol™") and EGDA (n30oc reaching 372 mPa s and E,
reaching 43.1 k] mol ). The produced glycerol-based deriva-
tives exhibited diluting properties, but MGLY primarily
decreased the system's viscosity the most (n39oc reaching 1745
mPa s and E, reaching 51.4 k] mol™"). This outcome is mainly
due to the two vacant hydroxyl groups, which can form

Table 3 The results of the rheological investigation

Rheology

System N300c (MPas) 7. (mPas) E,(kjmol") R
MO 2791 2.67 x 1077 58.2 0.999
MO + 25% EGDA 372 1.40 x 10°  43.1 0.998
MO + 25% HEMA 314 1.79 x 107> 42.0 0.998
MO + 25% MGLY 1745 2.44 x 10°% 51.4 0.999
MO + 25% TGLY 590 2.74 x 107°  48.4 0.998

1088 | RSC Sustainability, 2026, 4, 1081-1096

numerous hydrogen-bonding interactions and increase the
polarity of the reactive diluent.** On the other hand, TGLY
reached higher viscosity and activation energy levels compared
to the commercial diluents (n39oc reaching 590 mPa s and E,
reaching 48.4 k] mol '), but these values are competitive with
those of the fossil-based systems. The absence of hydrogen-
bond-forming functional groups contributes significantly to
TGLY's diluting character, even given its highest molecular
weight among the studied systems. Not only do the molecules of
MGLY form hydrogen bonding with each other, but also with
the MO diluted system through the free hydroxyls generated
after the nucleophilic substitution (see Fig. 2). Considering all
aspects of the synthesized reactive diluents compared to
commercial alternatives, TGLY has greater substituting poten-
tial than MGLY. The least-diluting character of the MGLY-
containing MO system is comparable to that of published
systems involving epoxidized cardanol monomers (ECA), which
possess higher viscosity.” The rest of the diluents (EGDA,
HEMA, and TGLY) reached similar viscosity values to the
unsaturated esters (UES) derived from furan monomers.*

3.3 Thermal and thermo-mechanical investigation

The 3D-printed specimens were investigated for thermal
stability and thermo-mechanical properties to provide
a comprehensive review of the characteristics of the processed
precursor systems. The thermal stability, represented by the
heat-resistant index (75), includes information on the chemical
stability of the molecular site structure formed. It also describes

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(d) the derivative of the degradation curve.

the most unstable chemical bonding in the thermoset, giving an
idea of the potential manufacturing focus. The thermo-
mechanical characterization contributes to the general
mechanical description of the produced materials. The
measured glass-transition temperature (T,) and the calculated
crosslinking density (v.) provide an overview of the potential
positive and adverse outcomes in the particular applications.
Also, since we investigated MO-based systems containing
mono-functional reactive diluents (HEMA and MGLY) and
multi-functional reactive diluents (EGDA and TGLY), their
effects on the overall thermal stability and the rigidity of the
cured thermoset are significant for comparison purposes. The
graphical results of the DMA analysis are shown in Fig. 7a and
b, while the TGA results are shown in Fig. 7c and d. The
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(a)The measured storage modules from DMA, (b) the calculated tan 6 values from DMA, (c) the thermal degradation provided by TGA, and

measured parameters from TGA used for the calculation of T,
together with the DMA-measured values, T, and the calculated
Ve, are summarized in Table 4.

The DMA results uncovered that MO containing TGLY as
a reactive diluent reached the highest storage modulus at 30 °C
(E' = 473 MPa) and the crosslinking density (v. = 15.5 kmol
m~?). The reached T, of the TGLY system was the second-
highest (T, = 61.7 °C), followed by the MO system with HEMA
(Tg = 62.5 °C). The highest rigidity of the TGLY-containing
system is caused by the multi-functional character of this
compound, containing three polymerizable functional groups.
This exceptional rigidity was observed in other curable systems
containing multi-functional reactive diluents.”” The system
containing HEMA reached the second highest storage modulus

Table 4 The results and calculated parameters from TGA and DMA analyses

Thermal/thermo-mechanical properties

TGA DMA

System Ts (°C) T30 (°C) Ts (°C) E'300c (MPa) E"300c (MPa) Ty (°C) ve (kmol m™?)
MO 310.6 371.8 170.2 100 25 <30.0%* 4.6

MO + 25% EGDA 318.8 400.7 180.3 179 34 47.1 5.0

MO + 25% HEMA 270.7 362.8 159.7 330 63 62.5 1.4

MO + 25% MGLY 268.4 329.1 149.4 169 32 60.7 3.1

MO + 25% TGLY 311.2 395.7 177.3 473 52 61.7 15.5

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The statistical deviations obtained from the tensile and flexural measurements

Mechanical test deviations

System Tensile modulus Tensile strength Flexural modulus Flexural strength
MO 1.5% 12.4% 6.9% 8.2%

MO + 25% EGDA 5.3% 6.0% 3.1% 3.1%

MO + 25% HEMA 5.9% 7.7% 6.1% 7.6%

MO + 25% MGLY 3.5% 15.5% 7.7% 6.4%

MO + 25% TGLY 3.0% 6.1% 6.4% 27.0%

at 30 °C (E' = 330 MPa), and together with a high T, value, the
HEMA-containing thermoset exhibits the second-best thermo-
mechanical character. According to the literature, this result
may be affected by the attractive interaction between the free
hydroxyl group of HEMA and the MO molecular structure.*
Regarding the crosslinking density, the HEMA-containing
thermoset reached the lowest value (v = 1.4 kmol m™3),
which corresponds with its functionality. Strangely, EGDA
exhibited the second-lowest storage modulus at 30 °C (E' =179
MPa) and the lowest glass-transition temperature (T, = 47.1 °C),
despite having a two-functional structure. The MGLY-
containing system exhibited higher T, (60.7 °C) and almost
similar E'3p0c (169 MPa) to the EGDA system, which may
confirm the significant impact of the polar hydrogen-bonding-
forming groups on the eventual thermo-mechanical perfor-
mance. The similar DMA glass-transition temperatures were
measured for the oligomer PLA-derived methacrylates used for
SLA 3D printing (particularly the longest oligomers). However,
the reported systems that achieved similar thermomechanical
properties could not be printed. Our presented and suggested
system was processed without any issues.'* Despite all the used

800 18

systems improving the thermo-mechanical performance of the
pure MO system, TGLY and HEMA resulted as the best per-
forming  systems, promising improved mechanical
performance.

The TGA analysis revealed that two systems, MO with EGDA/
TGLY, increased the heat-resistant index of the cured 3D prin-
ted thermoset. This outcome corresponds with the crosslinking
density calculated from DMA. The MO + 25% EGDA system
reached the highest T value (180.3 °C), followed by the MO +
25% TGLY system (Ts = 177.3 °C). Based on the previously ob-
tained results, the higher crosslinked thermosets exhibited
better heat resistance due to more durable molecular sites.*
The differences between glycerol and ethylene glycol esters
might influence the heat-resistance results since TGLY in MO
provided higher crosslinking density but resulted in lower
resistance. The structural stability of acrylate esters was
confirmed in the published literature.””> The MO systems with
MGLY and HEMA reached lower thermal resistances (MGLY
heat-resistant index Ty = 149.4 °C and HEMA's value of 159.7 ©
C) than the pure MO thermoset (Ts = 170.2 °C). This outcome
verifies the decreasing thermal stability of the less crosslinked
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Fig. 8 The results of the mechanical tests. (a) Tensile moduli, (b) tensile strengths, (c) flexural moduli, (d) flexural strengths, and (e) the image of

the 3D printed testing specimens.
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resins. The applied 3D printing technology is widely used in
low-temperature applications; therefore, the measured thermal
resistances of all investigated systems were similar to those of
the published and used systems.*®

3.4 Mechanical performance

To determine the mechanical properties of 3D printed samples,
tensile and flexural tests were conducted. The statistical data
(calculated deviations) are summarized in Table 5 (and shown
as error bars in Fig. 8). From the results of the tensile test (see
Fig. 8), it can be observed that all samples containing a reactive
diluent showed an increase in both the elastic modulus and
tensile strength compared to methacrylated rapeseed oil (MO;
measured value 58 & 1 MPa) alone. The highest elastic modulus
was observed in the TGLY-containing sample (669 + 20 MPa).
This is likely due to the diluent's structure, which contains three
double bonds capable of crosslinking. As the crosslinking
density increases, the modulus increases.” In contrast, the MO
+25% MGLY sample (198 & 7 MPa), which contains only one
double bond, exhibited the lowest modulus after MO, likely due
to lower crosslinking density. Interestingly, the MO + 25%

Table 6 The one-way ANOVA results®
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HEMA sample (420 + 25 MPa), which also contains only one
double bond, showed a slightly higher modulus than samples
containing MGLY. This could be attributed to the fact that the
HEMA used forms molecular interactions with MO through H-
bonding. The system containing MGLY also contains free
hydroxyls (two in total), but their chemical structure may cause
an adverse effect on the mechanical performance (based on
previous findings).*®

Regarding tensile strength, the MO + 25% HEMA samples
(15.2 £ 1.2 MPa) demonstrated the highest values, whereas the
MO + 25% TGLY samples (6.5 & 0.4 MPa) exhibited the lowest,
reflecting brittle behavior (also evident in their stress-strain
curves). This behavior is likely due to the formation of a denser,
crosslinked network in samples with TGLY. Interestingly, the
MO + 25% MGLY (10.0 £ 1.6 MPa) and MO + 25% EGDA
samples (10.7 + 0.6 MPa) showed comparable mechanical
performance, despite differences in their molecular structures.

In the case of the flexural test (see Fig. 8), the exact behavior
of the samples was observed - the highest flexural modulus was
achieved by the samples containing TGLY (596 + 38 MPa),
whereas the lowest modulus among samples containing

Mechanics

System Tensile modulus (MPa) Tensile strength (MPa) Flexural modulus (MPa) Flexural strength (MPa)
MO 58.3 £ 0.8 4.67 £ 0.58 125.9 + 8.7 6.91 &+ 0.57

MO + 25% EGDA 253.4 +£13.4 10.73 £ 0.64 205.1 £ 6.3 10.36 + 0.32

MO + 25% HEMA 419.9 + 24.8 15.17 £ 1.18 356.1 £ 21.8 14.61 £ 1.12

MO + 25% MGLY 197.6 £ 7.0 10.03 £ 1.56 170.4 £ 13.1 8.64 + 0.55

System Diluent content Difference F-ratio p-Value
Tensile modulus

EGDA-diluted 0% 25% 195.1 1975.788 <0.001*
HEMA-diluted 0% 25% 361.6 1062.536 <0.001*
MGLY-diluted 0% 25% 139.3 1715.352 <0.001*
TGLY-diluted 0% 25% 610.7 4070.704 <0.001*
Tensile strength

EGDA-diluted 0% 25% 6.06 221.847 <0.001*
HEMA-diluted 0% 25% 10.50 321.026 <0.001*
MGLY-diluted 0% 25% 5.36 74.184 <0.001*
TGLY-diluted 0% 25% 1.85 40.368 <0.001*
Flexural modulus

EGDA-diluted 0% 25% 79.2 281.159 <0.001*
HEMA-diluted 0% 25% 230.2 485.670 <0.001*
MGLY-diluted 0% 25% 44.5 40 656 <0.001*
TGLY-diluted 0% 25% 470.2 715.951 <0.001*
Flexural strength

EGDA-diluted 0% 25% 3.45 141.965 <0.001*
HEMA-diluted 0% 25% 7.70 189.118 <0.001*
MGLY-diluted 0% 25% 1.73 23.901 0.001*
TGLY-diluted 0% 25% 1.47 1.989 0.196*

“ Statistically significant at p < 0.05.
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Table 7 The Tukey's post hoc test®
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Tukey's post hoc test

System Tensile modulus (MPa) Statistically significant difference (SSD)

MO 58.3 £ 0.8 MO + 25% EGDA, MO + 25% HEMA, MO + 25% MGLY, MO + 25% TGLY
MO + 25% EGDA 253.4 £ 13.4 MO, MO + 25% HEMA, MO + 25% MGLY, MO + 25% TGLY

MO + 25% HEMA 419.9 + 24.8 MO, MO + 25% EGDA, MO + 25% MGLY, MO + 25% TGLY

MO + 25% MGLY 197.6 £ 7.0 MO, MO + 25% EGDA, MO + 25% HEMA, MO + 25% TGLY

MO + 25% TGLY 669.0 £ 19.8 MO, MO + 25% EGDA, MO + 25% HEMA, MO + 25% MGLY

Tukey's post hoc test

System Tensile strength (MPa) Statistically significant difference (SSD)

MO 4.67 £ 0.58 MO + 25% EGDA, MO + 25% HEMA, MO + 25% MGLY, MO + 25% TGLY
MO + 25% EGDA 10.73 £ 0.64 MO, MO + 25% HEMA, MO + 25% MGLY, MO + 25% TGLY

MO + 25% HEMA 15.17 £ 1.18 MO, MO + 25% EGDA, MO + 25% MGLY, MO + 25% TGLY

MO + 25% MGLY 10.03 £ 1.56 MO, MO + 25% EGDA, MO + 25% HEMA, MO + 25% TGLY

MO + 25% TGLY 6.52 £ 0.40 MO, MO + 25% EGDA, MO + 25% HEMA, MO + 25% MGLY

Tukey's post hoc test

System Flexural modulus (MPa) Statistically significant difference (SSD)

MO 125.9 + 8.7 MO + 25% EGDA, MO + 25% HEMA, MO + 25% MGLY, MO + 25% TGLY
MO + 25% EGDA 205.1 + 6.3 MO, MO + 25% HEMA, MO + 25% MGLY, MO + 25% TGLY

MO + 25% HEMA 356.1 + 21.8 MO, MO + 25% EGDA, MO + 25% MGLY, MO + 25% TGLY

MO + 25% MGLY 170.4 £+ 13.1 MO, MO + 25% EGDA, MO + 25% HEMA, MO + 25% TGLY

MO + 25% TGLY 596.1 + 38.4 MO, MO + 25% EGDA, MO + 25% HEMA, MO + 25% MGLY

Tukey's post hoc test

System Flexural strength (MPa) Statistically significant difference (SSD)

MO 6.91 £+ 0.57 MO + 25% EGDA, MO + 25% HEMA, MO + 25% MGLY, MO + 25% TGLY
MO + 25% EGDA 10.36 £ 0.32 MO, MO + 25% HEMA, MO + 25% MGLY, MO + 25% TGLY

MO + 25% HEMA 14.61 £ 1.12 MO, MO + 25% EGDA, MO + 25% MGLY, MO + 25% TGLY

MO + 25% MGLY 8.64 + 0.55 MO, MO + 25% EGDA, MO + 25% HEMA, MO + 25% TGLY

MO + 25% TGLY p-Value > 0.05

“ SSD from the tested group at a p = 0.05 level of significance.

diluents was measured in MO + 25% MGLY (170 £+ 13 MPa).
Regarding flexural strength, a similar increasing trend was
observed to the tensile test. The lowest value was measured for
the MO sample without diluents (6.9 & 0.6 MPa), and among the
samples with diluents, the lowest strength was observed in
those containing TGLY (8.38 + 2.27 MPa), followed by samples
with MGLY (8.6 + 0.6 MPa) and EGDA (10.4 + 0.3 MPa), while
the highest strength was achieved again by the sample con-
taining commercial diluent - HEMA (14.6 £+ 1.1 MPa). The
complete statistical results provided using IBM SPSS Statistics
(provided the one-way ANOVA followed by Tukey's post hoc test)
are summarized in Tables 6 and 7.

Overall, the addition of a reactive diluent had a positive effect
on both mechanical tests, increasing the modulus and strength.
This demonstrates that diluents play a beneficial role: they
improve the material's mechanical performance by enhancing
stiffness and strength. The obtained tensile parameters are
comparable to those reported in the literature, focusing on the
polyurethane-acrylic resin diluted with N-acryloyl-morpholine

1092 | RSC Sustainability, 2026, 4, 1081-1096

p-Value > 0.05

(ACMO).* The nominal parameters obtained from the flexural
mechanical tests also correspond with a particular investigated
curable system derived from epoxidized and acrylated soybean
0il.*® Although two promising bio-based reactive diluents,
MGLY and TGLY, were suggested, synthesized, and character-
ized, their renewable content could still be higher. If acrylic acid
were used instead of methacrylic acid, the bio-based content
would increase, but overall toxicity and process inefficiency
would also increase. Additionally, the proposed MGLY still lacks
sufficient diluting character. An appropriate mixture of glycerol
derivatives would enhance the diluting properties.

4 Conclusions

This work aims to suggest, synthesize, and characterize bio-
based alternatives to the commercially used reactive diluents,
2-hydroxyethyl methacrylate (HEMA) and ethylene glycol di-
acrylate (EGDA), based on functionalized glycerol. The synthe-
sized glycerol monomethacrylate (MGLY) and glycerol

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00891c

Open Access Article. Published on 28 January 2026. Downloaded on 4/7/2026 11:56:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

trimethacrylate (TGLY) were mixed with the synthesized meth-
acrylated vegetable oil (MO) to decrease its excessively viscous
profile. The synthesized structures were structurally confirmed
by cross-analysis, including "H NMR, FT-IR, and ESI-MS. We
performed a rheological study verifying the functional char-
acter. The working systems were prepared with 75 wt% MO and
25 wt% of the particular reactive diluent. The commercial
HEMA and EGDA outperformed both glycerol derivatives;
however, TGLY reached values that were both sufficient and
competitive with those of the fossil-based compounds. DMA
analysis revealed that the TGLY-containing thermoset has the
most rigid structure, owing to its highest crosslinking density.
According to the DMA, the MGLY-containing system out-
performed the EGDA-containing system, except for the cross-
linking density. The systems containing TGLY and EGDA
improved MO's thermal resistance by enhancing the molecular
site formed. The mechanical tests showed that the TGLY-based
thermoset exhibited the highest tensile and flexural moduli,
owing to its greater rigidity and crosslinking density. The
HEMA-based systems reached the best tensile and flexural
strengths. Both the glycerol derivatives, TGLY and MGLY, ful-
filled their reactive diluting purpose. TGLY improved all the
studied rheological, thermal, thermo-mechanical, and
mechanical properties of the eventual thermoset. The study
comprehensively describes the direct alternatives, mono-
functional MGLY and multi-functional TGLY, and uncovers
their positive and adverse effects on the photo-cured, 3D prin-
ted bio-based resin. The results confirm their potential as
substitutes for the subsequently investigated commercial dilu-
ents, EGDA and HEMA. The sustainable aspect, linked to the
overall bio-based content and the considered chemical
synthesis, exceeds the currently set standards for producing
fossil-based diluents.
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