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This article describes the production of a photocurable adhesive Biobased Sources

from renewable sources, i.e., castor oil and waste cooking oil. An innovative castor Cooking Ol
oil ethanolamide methacrylate (Oil-EA-Met) was synthesized to form the primary ;c[m 2”_‘]] &
binder precursor. The waste-oil-resourced glycerol derivatives, modified to mono-, e L, Castor Oil
di-, and trimethacrylate derivatives (MGLY, DGLY, and TGLY), represent
functional additives. All products were cross-analyzed using '"H NMR, ESI-MS,
FTIR, and GC-FID. Oil-EA-Met represented 75% of the formulated precursor
systems, while the functional additive (MGLY, DGLY, TGLY, and a commercially
available 2-hydroxyethyl methacrylate (HEMA)) represented 25% of the curable
precursor. MGLY had the best impact on the adhesion performance. This additive
exhibited the highest polymerization reactivity (E, = 68.2 kJ/mol), a complete
miscibility with water, the highest thermal resistivity, a thermomechanical profile, Photo-curable Adhesive
a flexural character, and the highest ISO 2049 adhesion levels on wood—glass

substrates (reaching level S (the highest)) and wood—PMMA substrates (level 3). The adhesive containing MGLY reached a similar
wood—glass adhesion shear strength of 1400 kPa as the system with HEMA and surpassed the HEMA system for the wood—PMMA

system (the MGLY system reached 800 MPa; the HEMA system achieved $S30 MPa).

castor oil, aminolysis, waste oil, transesterification, glycerol, Esterification, Adhesives

(hydroxyl, esters, carbonyls, and ethers), which increase the
surface energy of the system, affecting the eventual strong
hydrophilic character.'> The adhesives engineered for different
substrates usually possess a similar chemical character to the
target matrices to maximize functional performance.
Numerous commercial adhesives serve various target
substrates such as cyanoacrylates, polyurethanes, epoxides, or
reactive multicomponent acrylic binders.'® Many of the listed
adhesives suffer from several inconveniences related to the
chemical foundation of their function. Polyurethane (PU)
adhesives typically require a long cure time (up to 16 h at
elevated temperature), and their applicability is limited due to
the storage at decreased temperatures (4—25 °C)."” Addition-
ally, PU adhesives consist of two separate components,
complicating the application process.'® Epoxy adhesives also
contain multiple working components, and their complete cure
requires up to 24 h."” Acrylate and cyanoacrylate adhesives are
the most universal, use-efficient, and monocomponent systems
for glue applications.”””" Particularly polar substrates work

Photocurable adhesives for connecting various substrates, such
as amorphous polymers (acrylic or PTFE), glass, metal, or
wood, are currently extensively investigated due to their
application efficiency ensured by a fast and direct curability."”
Since the photoinitiated curability requires a transparent matrix
to be involved in the application, especially translucent
materials are ideal candidates for these adhesives.” The target
material’s chemical composition is crucial for the ideal curable
precursor suggestion. Many transparent hydrophobic matrices
require specific nonpolar reactive precursors to perform
optimally during adhesion.* Materials such as poly(methyl
methacrylate) (PMMA),” poly(ethylene terephthalate)
(PET),° poly(tetrafluoroethylene) (PTFE),” and poly-
(carbonate) (PC)® exhibit a primarily hydrophobic character
and comprise long saturated carbon chains and mainly
nonpolar functional groups. Several polar and hydrophilic
substrates, namely, glass or wood materials, require different
adhesive precursors that fulfill their working role effec-
tively.””'" Glass is composed primarily of silica (SiO,),
forming tetrahedral structures involving Na* or Ca** ions September 30, 2025 EGiveprin ®
within the molecular arrangement.'” Si—O bonds and atomic November 11, 2025 ‘
ions exhibit a strong hydrophilic character, which has to be November 12, 2025
reflected in the applied adhesive.'"'* Wood comprises multiple November 19, 2025
organic polymers: cellulose, hemicellulose, and lignin.'* These

biomacromolecules contain many polar functional groups
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Figure 1. Summarized steps involving castor oil modification and waste cooking oil valorization toward the production of photocurable adhesives.

effectively with silicone adhesives due to their polar molecular
character, which provides optimal affinity for the hydrophilic
materials.”> Wood materials also work effectively with contact
adhesives. Widely used contact glues comprise solubilized
poly(vinyl acetate) (PVAc),”® poly(vinyl alcohol) (PVA),** or
suspended starch.”> These adhesives exhibit sufficient polarity
to connect substrates with high surface energy.

Biobased entering compounds play a significant role in
current adhesive development. Sustainability and resource
diversity in this segment are increasing due to the legislative
regulations (particularly in the European Union), and the users
in specific segments also demand more green and renewable
reactants to work with.”*>” Regarding the sources with the
biggest perspective, vegetable oils,”” natural polyesters,” and
biobased acrylates/methacrylates® are often studied as suitable
adhesive precursors. Triacylglycerides are used as coatings and
adhesives regularly in the form of alkyds™ or fatty acid
dimers.”’ Their hydrophobic character is exhibited through
long hydrocarbon chains possessing a strong hydrophobic
character;*”*>*! therefore, several chemical modifications are
projected into their structure to improve their performance,
such as hydroxylation, epoxidization, or acylation.””** The
unsaturated double bonds must be present in the particular
oil's structure since they are the reactive functional group
capable of modification.” Acrylated and methacrylated oils are
some of the most widely used triacylglyceride derivatives
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produced from epoxidized precursors. These systems allow the
UV/vis curing approach to obtain highly curable, biobased
precursors as a suitable adhesive for numerous substrates.””*
Typically, the acrylated and methacrylated oils comprise free
hydroxyl groups formed during the modification, which
increase the adhesion toward several materials.*>*® The same
types of radically polymerized adhesives are obtained from the
application of itaconic acid (IA) derivatives.’” IA is a reactive
compound from renewable sources that ensures the entirely
natural fabrication of adhesives.”” Commonly, the applicability
of IA involves its modification into esters since this natural
dicarboxylic acid has a melting point of 162—164 °C,*
prohibiting its direct usage as a liquid adhesive precursor.”
The optimal coating potential based on the multiple polar
and functional groups, such as amine, N-acetyl, ester, and
hydroxyl, was investigated in numerous papers. The highly
biobased entering reactants obtained from potentially waste
sources are chitosan or rosin acids from the tree rosin.
Chitosan can form a physically cross-linked structure that is
optimal for the formation of thin layers. The rosin derivatives
served as an additional cross-linking component. In the
combination, the highly performing natural coatings were
formed and applied to the wood substrates.”' Other amine-
containing compounds based on polydopamine (PDA) were
experimentally tested for adhesive and membrane-forming
purposes.”” The well-known hydrogels based on poly(ethylene
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glycol) methacrylate (PEGMA), enriched with L-serine and
glycerol, were investigated for sand stabilization purposes. The
rapid fast soaking is their key property determining their utility.
The exceptional hydrophilic character was provided by
numerous free hydroxyl groups from the present glycerol and
the carboxyl and amine bonding present in L-serine.”

This presented work introduces an innovative castor oil
derivative, the polymerizable castor oil ethanolamide, which is
produced via catalystless synthesis at mild reaction conditions
(100 °C, 300 min). This highly biobased intermediate was
activated via methacrylic anhydride (MAAH) to form a curable
thermoset precursor possessing multiple polar functional
groups (ester, amide). After the modification, the formed
secondary product, methacrylic acid (MA), was quantitatively
distilled to serve as the continuous species for methacrylation
via Fischer esterification of the obtained glycerol from waste
cooking oil. The valorized glycerol was converted into mono/
di/tri esterified precursors (MGLY: glycerol monomethacry-
late, DGLY: glycerol dimethacrylate, and TGLY: glycerol
trimethacrylate). This multiple-step approach uses all reactive
carboxylic substances, avoiding disposal generation and
maximizing the added-value products. The synthesized
compounds were cross-analyzed by '"H NMR, ESI-MS, FTIR,
and GC-FID. The reactivity and following applicability of the
formed thermoset-forming precursors in the adhesion field
were investigated in detail in this article. The experiments and
approaches performed are summarized in Figure 1.

The castor oil (hydroxyl value of 154 mg KOH/g) was purchased
from Fichema Ltd. (Czech Republic). The waste cooking oil was
kindly obtained from the local cafeteria (initial acidity = 4 mg KOH/
g) (Czech Republic). Ethanolamine (99%, p.a.), methanol (99% p.a.),
potassium hydroxide (99%, p.a.), potassium acetate (99%, p.a.),
sulfuric acid (98%), sodium sulfate (99%, anhydrous), and ethyl
acetate (99%, p.a.) were purchased from Penta Ltd. (Czech
Republic). Methacrylic anhydride (98%), BAPO (photoinitiator,
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide, 98%), Luperox
DI (thermal initiator for the reactivity study, tert-butyl peroxide,
99%), D-chloroform (solvent for NMR analyses, CDCl,), methacrylic
acid (99%), and 2-hydroxyethyl methacrylate (97%) were obtained
from Sigma-Aldrich (Merck, Germany).

Nuclear magnetic resonance (NMR) was applied to obtain "H spectra
to confirm the structural identity of the synthesized compounds. The
measurements were conducted using a Bruker Avance III 500 MHz
(Bruker, Billerica, MA, USA). The measuring frequency was S00 MHz
for '"H NMR. The measurements were performed at 30 °C
temperature using D-chloroform (CDCl;) as a solvent with
tetramethylsilane (TMS) as an internal standard. The chemical shifts
(8) are expressed in parts per million (ppm) units, referenced by a
solvent. The coupling constant (J) is expressed with 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 the synthesized compounds. We used
Bruker EVOQ_ LC-TQ instrumentation for the measurements.
Product scan spectra were obtained by fragmentation of the following
molecular precursor ions ([M + H]*, [M —H,O + H]*, and [M
—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
spectra agree with their in silico prediction by CEM-ID 4.0,*° which
also proposed the product ion structure for the most intense masses.
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Fourier-transform infrared spectroscopy (FTIR) was a structural
confirmation method to detect specific functional groups within the
synthesized compounds’ structures. Analyses were performed using a
Bruker Tensor 27 (Billerica, MA, USA) and the attenuated total
reflectance (ATR) method. Diamond served as the dispersion
component. A diode laser was the irradiation source in this
spectroscope. The Michelson interferometer was used to quantify
the signal. Spectra comprised 32 total scans with a measurement
resolution of 2 cm™'. According to the previously published FTIR-
based method,”’ we used the double bond conversion calculation.
The calculation is displayed in eq 1:*'

(=)
Ac=o cured
(=)

Ac=o uncured (1)

where the conversion (%) is calculated from following parameters:
Ac—c is the integral area of the vinyl C=C bending signal (—), and
Ac—o is the integral area of the C=0 stretching signal of ester (—).
We used the C=C bending signal instead of the stretching signal due
to the presence of the amide signal in the same wavenumber interval
as the C=C stretching signal.

Castor oil derivatives were analyzed by standardized hydroxyl value
measurement (DIN EN ISO 4629-2).

Gas chromatography (GC) (Hewlett-Packard 5890 Series II) with
a flame ionization detector (FID) contributed to structural
confirmation. Nitrogen (as an auxiliary gas for FID), air (as an
oxidizer for FID), and hydrogen (as a carrier gas and fuel for FID)
gases were used. The capillary GC column ZB-624 (60 m X 0.32 mm,
1.8 um) served as a stationary phase. The temperature of the inlet was
set to 280 °C, and the temperature of the detector was set to 280 °C.
Substances were separated with a temperature gradient, with an initial
temperature of 120 °C (held for 1 min) followed by a temperature
rate of 15 °C/min with a final temperature of 250 °C (held for 8
min). The column flow rate set for the analyses was 3 mL/min, and
the split ratio was 1:40. The injection volume applied in all analyses
was 1 uL (1 wt % sample solution in tetrahydrofuran (THF)).

We included a three-point flexural test to investigate the
mechanical properties of the prepared cured thermosets. We prepared
Oil-EA-Met-based systems containing 25 wt % of the synthesized
compounds (MGLY, DGLY, and TGLY) and the reference (HEMA).
BAPO (photoinitiator) was mixed into the systems (1 wt %), and the
precursors were cured by an irradiation source of 405 nm wavelength
and 990 mW/m? of the irradiation power for 90 min (to ensure the
complete polymerization). The rectangular specimens had dimensions
of 80 X 10 X 4 mm according to the CSN EN ISO 178 standard (by
which the test was conducted). The loading nose and support radius
were 5 mm with a support span of 64 mm. The test speed was set to
10 mm-min~".

The thermomechanical properties were investigated by a DMA
2980 from TA Instruments (New Castle, DE, USA). The tested
objects had the following parameters: 50 X 10 X 4 mm. Objects were
applied to a dual cantilever attachment, and the parameters of applied
deformation were 25 pm amplitude and 1 Hz frequency. The
temperature increased from 30 to 120 °C at a rate of 3 °C/min. The
storage modulus, loss modulus, and tan & values were obtained
directly from DMA analysis.

Thermogravimetric analysis (TGA) provided information regard-
ing the heat-resistance properties. We used the formed thermosets for
mechanical and DMA analysis. TGA was performed on a 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 N,, and 10 min at 600 °C under an
air atmosphere. The heat-resistant index was obtained from the
proposed eq 2:*'

conversion = |1 — X 100

T, = 049[T; + 0.6(T — Ty)] ()
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Figure 2. Reaction scheme of the castor oil modification into castor oil ethanolamide (Oil-EA) and castor oil ethanolamide methacrylate (Oil-EA-

Met).
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Figure 3. Reaction scheme of waste cooking oil transesterification forming glycerol for further modification to curable precursors.

where T is the heat-resistant index (—), T refers to the temperature
at 5% of mass loss (°C), and Ty is the temperature at 30% of mass
loss (°C).

Castor oil (310 g 0.33 equiv) was introduced into a round-bottom
flask with ethanolamine (181 g, 3.0 equiv). The reaction mixture was
set into an oil bath and tempered at 100 °C for 300 min (see Figure 2,
left). After the reaction time, the solution was mixed with ethyl acetate
(1:1 volume ratio) and washed with water twice to remove excess
ethanolamine. The organic phase was separated, and the solvent was
evaporated. The obtained castor oil ethanolamide (Oil-EA) was cross-
analyzed.

The formed Oil-EA (300 g, 0.88 equiv) was mixed with methacrylic
anhydride (MAAH, 271 g, 1.8 equiv) and potassium acetate (catalyst,
0.98 g, 0.01 equiv), and the reaction mixture was set to 70 °C in an oil
bath for 24 h (see Figure 2, right). After the reaction time, the formed
secondary product, methacrylic acid (MA), was distilled at reduced
pressure (75 Torr) at 100 °C with continuous airflow (20 mL of air
per minute), which increased the volatility of MA and inhibited its
polymerization. After the distillation, the catalyst and the residual MA
were extracted with water once. The purified product, castor oil
ethanoamide methacrylate (Oil-EA-Met), was dried over anhydrous
sodium sulfate and cross-analyzed.

2.3.1. Castor Oil Ethanolamide (Oil-EA). '"H NMR (Figure S1)
(500 MHz, CDCl,) § 6.22—6.09 (m, 1H), 5.59—5.50 (m, 1H), 5.45—
5.35 (m, 1H), 3.73—3.67 (m, 2H), 3.66—3.57 (m, 1H), 3.41 (td, ] =
5.5,4.2 Hz, 2H), 2.24—2.15 (m, 4H), 2.10-1.97 (m, 2H), 1.62 (q, ] =
7.2 Hz, 2H), 1.46 (tdd, J = 11.4, 6.1, 3.7 Hz, 2H), 1.39—1.24 (m,
15H), 0.92—0.85 (m, 3H).

ESI-MS fragmentation spectrum (Figure S2) and (C,,H;NO;)
spectrum caled [M + H]" 342.5 m/z, found 342.0 m/z.
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FTIR (Figure S3) absorption wavenumber intervals: O—H and N—
H stretch 3550—3200 cm™!, C—H stretch 3000—2840 cm~!, C=0
(amide) stretch 1690—1670 cm™, C—N stretch 1250—1020 cm™.

2.3.2. Castor Oil Ethanolamide Methacrylate (Oil-EA-Met).
'"H NMR (Figure S4) (500 MHz, CDCLy) § 6.27—6.05 (m, 2H),
5.84—5.79 (m, 1H), 5.79-5.53 (m, 2H), 5.56—5.30 (m, 2H), 4.28—
422 (m, 2H), 3.65—3.50 (m, 3H), 2.24—2.12 (m, 6H), 2.09—1.89
(m, 6H), 1.60 (t, ] = 6.7 Hz, 2H), 1.51—1.41 (m, 2H), 1.39—1.20 (m,
16H), 0.92—0.84 (m, 3H).

ESI-MS fragmentation spectrum (Figure SS) and (C,gH,,NO;g)
spectrum caled [M + H]* 478.3 m/z, found 478.2 m/z.

FTIR spectrum (Figure S6) absorption wavenumber intervals: N—
H stretch 3550—3200 cm™!, C—H stretch 3000—2840 cm™!, C=0
(ester) stretch 1750—1735 cm™!, C=0 (amide) stretch 1690—1670
cm™', N—H bend 1650—1580 cm ™', C—N stretch 1250—1020 cm ™.

2.3.3. Methacrylic Acid (MA). 'H NMR (Figure S7) (500 MHz,
CDCly) 6: 11.68 (s, 1H), 6.26 (dd, ] = 1.5, 1.0 Hz, 1H), 5.68 (p, ] =
1.6 Hz, 1H), 1.96 (dd, ] = 1.6, 1.0 Hz, 3H).

ESI-MS (Figure S8) fragmentation spectrum (C,Hg0,) spectrum
caled [M — H]~ 85.1 m/z, found 85.1 m/z.

FTIR spectrum (Figure S9) absorption wavenumber intervals: O—
H stretch 3550—3200 cm™', C—H stretch 3000—2840 cm™!, C=C
stretch 1662—1626 cm™, C—O (acid) stretch 1210~1163 cm™, C=
C bend 840—790 cm ™.

The waste cooking oil (1900 g, 2 equiv) was introduced into a 4000
mL round-bottom flask together with methanol (384 g, 12 equiv) and
potassium hydroxide (5.61 g, 0.1 equiv) and refluxed in a heating nest
for 120 min (see Figure 3). After the reaction time, the reaction
mixture naturally separated. The fatty acid methyl esters formed were
separated and could be used as a biodiesel. The glycerol phase was
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Figure 4. Reaction scheme of the valorized glycerol modification to partially methacrylated (glycerol monomethacrylate (MGLY) and
dimethacrylate (DGLY)) and fully methacrylated derivatives (glycerol trimethacrylate (TGLY)).

neutralized with sulfuric acid to pH 7 and distilled at reduced pressure
(10 Torr) in a heating nest. The distilled glycerol was cross-analyzed.

2.4.1. Glycerol. '"H NMR (Figure S10) (500 MHz, CDCL) &
3.86—3.79 (m, 1H), 3.77 (dd, J = 11.2, 3.8 Hz, 2H), 3.69 (dd, ] =
11.3, 5.6 Hz, 2H).

FTIR spectrum (Figure S11) absorption wavenumber intervals:
O—H stretch 3550—3200 cm™!, C—H stretch 3000—2840 cm™!, C—
O stretch 1210—1163 cm™".

GC-FID determined the retention time (Figure S12) at the
particular analysis parameters: 9.6 min RT.

The produced glycerol (92 g, 1 equiv) was mixed with
nonquantitative (130 g, 1.5 equiv) and quantitative (260 g, 3
equiv) amounts of methacrylic acid (the produced acid was used
together with additional acid) to form partially methacrylated
(glycerol monomethacrylate (MGLY), glycerol dimethacrylate
(DGLY)) and fully methacrylated (glycerol trimethacrylate
(TGLY)) curable glycerol derivatives. Both reaction batches
contained sulfuric acid (0.98 g 0.01 equiv) as an esterification
catalyst. The reaction water was quantitatively distilled at a pressure of
120 Torr and a temperature of 110 °C for 3 h. The reaction batch
producing partially methacrylated glycerol (Figure 4, top) involved a
liquid—liquid extraction process (LLE). The postreaction mixture was
diluted with ethyl acetate (1:1 volume ratio) and mixed with water
(1:1 volume ratio to the ethyl acetate diluted solution) to separate
water-soluble MGLY from water-insoluble DGLY. After the LLE,
both products were purified by solvent distillation. The quantitative
esterification product, TGLY (Figure 4, bottom), was washed with
water once to remove the catalyst from the product. The purified
TGLY was dried over anhydrous sodium sulfate. All produced
glycerol derivatives (MGLY, DGLY, and TGLY) were cross-analyzed.

2.4.2. Glycerol Monomethacrylate (MGLY). 'H NMR (Figure
S13) (500 MHz, CDCl,) 6 6.15 (q, J = 1.2 Hz, 1H), 5.65—5.57 (m,
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1H), 4.36—4.15 (m, 2H), 4.15—-3.75 (m, 1H), 3.72—3.44 (m, 2H),
1.96 (t, J = 1.3 Hz, 3H).

ESI-MS (Figure S14) fragmentation spectrum (C,H;,0,) spec-
trum caled [M —H,0 + H]* 143.2 m/z, found 142.9 m/z.

FTIR spectrum (Figure S1S5) with absorption wavenumber
intervals: C—H stretch 3000—2840 cm™, C=0O (ester) stretch
1750—1735 cm™, C=C stretch 1662—1626 cm™, C—O (ester)
stretch 1210—1163 cm™, C=C bend 840—790 cm™.

GC-FID determined the retention time (Figure S16) at the
particular analysis parameters: 10.3 min RT.

2.4.3. Glycerol Dimethacrylate (DGLY). 'H NMR (Figure S17)
(500 MHz, CDCL,) & 6.17—6.07 (m, 2H), 5.60 (dtd, ] = 9.9, 3.3, 1.7
Hz, 2H), 4.52—3.38 (m, 5H), 1.98—1.90 (m, 6H).

ESI-MS (Figure S18) fragmentation spectrum (C;H605)
spectrum caled [M —H,0 + H]* 211.2 m/z; found 210.9 m/z.

FTIR spectrum (Figure S19) with absorption wavenumber
intervals: C—H stretch 3000—2840 cm™, C=O (ester) stretch
1750—1735 cm™, C=C stretch 1662—1626 cm™, C—O (ester)
stretch 1210—1163 cm™!, C=C bend 840—790 cm™.

GC-FID determined the retention time (Figure S20) at the
particular analysis parameters: 10.7 min RT.

2.4.4. Glycerol Trimethacrylate (TGLY). 'H NMR (Figure S21)
(500 MHz, CDCl,) § 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, J
=127, 1.4 Hz, 9H).

ESI-MS (Figure S22) fragmentation spectrum (C,sH,,0)
spectrum caled [M —H,O + H]* 296.3 m/z, found 296.1 m/z.

FTIR spectrum (Figure S23) with absorption wavenumber
intervals: C—H stretch 3000—2840 cm™, C=O (ester) stretch
1750—1735 cm™, C=C stretch 1662—1626 cm™, C—O (ester)
stretch 1210—1163 cm™!, C=C bend 840—790 cm™.

GC-FID determined the retention time (Figure S24) at the
particular analysis parameters: 10.2 min RT.
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The rheological study was performed using a TA Instruments AR-G2
rheometer. The rheological profile of all synthesized products with an
increasing temperature was measured. The compounds were
measured at the following conditions: 500 yL quantity of sample,
the Peltier platform and cone—plate geometry (40 mm, 2° angle),
shear rate of 10 s™', and temperature ramp from 25 to 50 °C. The
Arrhenian plot was formulated as follows (eq 3):*!

* ©)

where the dependence of apparent viscosity In(#7) (=) on the reverse
value of temperature 1/T (K™') is constructed. We can obtain the
flow activation energy E, (J/mol) from the slope by multiplying it by
the universal gas constant R (J/(mol-K)). Also, we can extract the
infinite-temperature viscosity 7, (Pa's) from the y intercept by
applying the exponential operation.

The products’ solubility was investigated according to calculated
RED values (according to Hansen’s solubility theory).*” These were
calculated for each compound used in the solubility investigation (the
calculation is described in the Supporting Information). According to
the theory, the solvent is inappropriate for solubilization when the
RED value is above 1. The medium should be a suitable solvent when
RED reaches a value below 1. The investigation involved
homogenization of the synthesized products with water. The
calculated RED parameters were experimentally verified by the
following method: 3 g of compound was added to 3 g of water. The
mixture was mixed vigorously for S min and left at laboratory
temperature for 1 day. The results of the solubility experiment were
illustrated.

Differential scanning calorimetry (DSC) verified the compounds’
curability. The synthesized molecules were mixed with Luperox DI,
tert-butyl peroxide as thermoinitiator (in 1% w/w quantity to
precursor). The mixtures were placed in aluminum pans (10—1S
mg) and hermetically sealed. A DSC 2500 model from TA
Instruments (New Castle, DE, USA) was used for the analyses.
Four different heating scans were performed on each sample from
temperatures of 30 to 180 °C with differing temperature ramps: S, 10,
15, and 20 °C/min. We applied Kissinger’s reactivity theory
introduced in eq 4:*

[ B ) [AR] E, 1
Inj—|=ln—|-——
T E) R T )

where f is the heating rate (°C/min), T, is the exothermic peak
temperature (°C), A is the pre-exponential factor (—), E, is the
activation energy of the reaction (J/mol), and R is the gas constant
(J/(mol-K)).

Adhesion on glass and wood was investigated according to the
standard ISO 2409. The reactive system (composed of 75 wt % Oil-
EA-Met and 25 wt % MGLY/DGLY/TGLY/HEMA) was mixed with
the BAPO photoinitiator (1% w/w) and applied to the adherent
specimen with dimensions 80 X 25 X 2 mm. The precursor applied
quantity was 400 uL. After the dosing, the coated material was
covered with a polypropylene lid, allowing the irradiation source to
initiate the polymerization. The coated specimens were illuminated by
a 405 nm irradiation source exposing 990 mW/m? emission power.
The curing time was 10 min. The polymer coating on the adherents
was investigated via the cross-hatch method (ISO 2409).

The adhesion strength was determined according to CSN EN 1465
(668510) in a Zwick/Roell 10 kN testing machine under displace-
ment control with a test speed of 1 mm/min. The adhesion area was
25 X 25 mm. The equation determining the adhesion strength
(Cadhesion) is formulated as follows (eq 5):*

Opdhesion —

A ()
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where Ggpesion is the adhesion strength (MPa), Fyx represents the
maximum force at adhesion break (N), and A stands for the adhesion
area of the specimen (mm?).

Castor oil and the waste cooking oil contain a significant
content of renewable carbon that is used for multiple
application fields.**~** Modified ricinoleic acid ethanolamide
(Oil-EA) was produced by a catalyst-free approach, which
represents an efficient and universal way to apply biobased
triacylglycerides in the material industry. Next to their
potential usage in the polyurethane industry, the hydroxyl
functional groups are modifiable by reactive methacrylate
groups, ensuring curability of the formed derivative (Oil-EA-
Met). This reactive innovative compound possesses two ester
bonds along with an amide group, which promises interesting
adhesive potential.** The activation process involves meth-
acrylic anhydride modifying the hydroxyl groups and
generating methacrylic acid as a secondary product. Generated
MA is commonly neutralized, washed, or disposed of.*"** In
this work, a nearly quantitative separation is presented to
valorize this reactive compound. Furthermore, the distilled MA
served as an activation molecule to generate polar reactive
precursors from the valorized cooking oil. The transester-
ification that was performed led to glycerol generation, which
was used as a suitable polyol for Fischer esterification. The
separated MA, together with the additional pure MA, ensured
the modification toward curable glycerol-derived molecules
(MGLY, DGLY, and TGLY). All performed syntheses reached
high yields as summarized in Table 1.

Table 1. Summarization of the Synthesis of the Produced
Compounds

synthesis
yield
product reaction type purification (%)
Oil-EA aminolysis extraction 94.5
Oil-EA- acylation MA distillation + 922
Met extraction
MA acylation (secondary distillation 88.8
product)
glycerol transesterification phase separation + 90.0
distillation
MGLY Fischer esterification extraction (water phase)  “40.2
DGLY Fischer esterification extraction (organic “55.2
phase)
TGLY Fischer esterification water washing 91.2

“The yields belong to one reaction mixture (the total yield is their
sum).

The synthesized castor-oil-based derivatives were confirmed
by 'H NMR, ESI-MS, and FTIR cross-analysis. The complete
spectral results are available in the Figure S presents the 'H
NMR results of the initial castor oil, Oil-EA, and Oil-EA-Met.
The changes in the total fatty acid hydrocarbon chains
(chemical shift of 1.25—1.75 ppm) confirm the successful
aminolysis due to the decrease in the proton number (from 60
protons for castor oil to 20 for Oil-EA). Additionally, the
amide functional group’s proton presence in the Oil-EA
spectrum (3.57—3.66 ppm) and the solid phase product
appearance at the laboratory temperature verify the successful
Oil-EA synthesis. The following modification by methacrylic
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Figure 5. '"H NMR spectra of the castor oil and the synthesized derivatives castor oil ethanolamide (Oil-EA) and castor oil ethanolamide

methacrylate (Oil-EA-Met).

anhydride is evident from the typical alkene protons in the
chemical shift interval of 5.3—6.3 ppm. A similar 'H NMR
outcome was previously published regarding the methacryla-
tion modification of the epoxidized castor oil.*” Based on the
presented cross-analysis, the exact chemical structure of both
Oil-EA and Oil-EA-Met was confirmed.

The obtained glycerol from the waste cooking oil was also
cross-analyzed, along with the esterified derivatives. Since 'H
NMR analysis usually does not provide information regarding
the free hydroxyls (as is evident from the presented spectra in
Figure 6 and the published literature),*”*° FTIR and GC-FID
contribute to the structure verification. The analyzed "H NMR
glycerol structure corresponds with the published results.”" All
spectra of MGLY, DGLY, and TGLY contain identical signals:
the 5.5—6.3 ppm interval indicates the alkene from
methacrylate functional groups, the 3.4—4.5 ppm interval
refers to the glycerol carbon chain, and the 1.8—2.0 ppm
interval signals the presence of terminal methylene groups
from the methacrylate group. Next to the exact structural
confirmation by ESI-MS and GC-FID (see the Supporting
Information), the 'H NMR spectra differ in the analyzed
proton ratio of methacrylate functional groups. This result is
typical for methacrylate derivatives in the published literature
and contributes to the structure confirmation.*”

The complete FTIR spectra are illustrated in Figure 7; the
verification of the presence of free hydroxyl groups is the
primary purpose of involving this verification analysis. The
wavenumber interval 3700—3100 cm™' provides information

148

regarding the free hydroxyl together with the N—H stretching
bonding in the Oil-EA and Oil-EA-Met structure. Since these
functional groups cannot be differentiated only by FTIR, the
hydroxyl value was measured by titration to quantify the
present free hydroxyls in the castor oil and its derivatives. The
column graph in Figure 7 illustrates the increasing hydroxyl
value of Oil-EA due to ester substitution by an amide
terminated by free hydroxyl. After the Oil-EA modification by
anhydride, the total hydroxyl value decreases to a negligible 2
mg KOH/g, proving the quantitative modification. The
structure is also verified by the disappearance of the ester
stretching signal at 1750—1735 cm™' for Oil-EA and its
formation for Oil-EA-Met signalizing the methacrylate esters.
The glycerol derivative trends are displayed in Figure 7 (right).
Continually, the hydroxyl signals at 3700—3100 cm™" decrease
with the number of methacrylates as the ester stretching signal
(1750—1735 cm™") and alkene stretching signal (1662—1626
cm™) increase with the glycerol derivative functionality. The
FTIR method is commonly used to monitor the structural
changes in the methacrylate derivatives.*’

The measured and calculated rheological values and
parameters are listed in Table 2. We determined the purity
of MGLY, DGLY, and TGLY after the synthesis (Oil-EA-Met
was not included due to the GC-FID apparatus limitations
connected to the Oil-EA-Met nonvolatility). The purities
reached 83.4% for MGLY, 82.2% for DGLY, and 91.1% for
TGLY. MGLY and DGLY contain impurities due to the LLE
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Figure 6. "H NMR spectra of the synthesized glycerol and the glycerol derivatives glycerol monomethacrylate (MGLY), dimethacrylate (DGLY),

and trimethacrylate (TGLY).

process. TGLY reached the highest purity, while the residual
MA remained in the precursor. The intermolecular force
formation primarily determines the exhibited flow character-
istics, which are mainly connected to the compound’s
functional group composition and total molecular weight.>®
The decreasing viscosity (at 30 °C) corresponds mainly with
the remaining free hydroxyl groups within the measured
compound’s structure. MGLY possesses the highest flow
activation energy (E, = 56.1 kJ/mol) due to the total two free
hydroxyl groups within its structure. DGLY exhibits an almost
identical flow activation energy (E, = 54.3 kJ/mol), which
corresponds with the rising total molecular weight of the
DGLY molecule. The free hydroxyl group is absent in the cases
of Oil-EA-Met and TGLY. However, Oil-EA-Met possesses a
free amide N—H stretching bond, which contributes to the
overall compound’s flow activation energy (E, = 40.4 kJ/mol)
together with the highest molecular weight of Oil-EA-Met
from all measured molecules. TGLY exhibited the least flow
activation energy of all measured glycerol derivatives (E, =
32.6 kJ/mol) due to the absence of free hydroxyl groups.
The synthesized molecules’ reactivity study is illustrated
numerically in Table 2 and graphically in Figure 8. The results
uncover that the number of free hydroxyls increases the
reactivity of the precursor (decreases the polymerization
activation energy E,). Therefore, MGLY achieved the lowest
E, of all of the investigated compounds (E, = 68.2 kJ/mol).
Then, DGLY reached a higher activation energy, as its free
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hydroxyl content is one functional group (E, = 81.6 kJ/mol).
The least reactive precursors are Oil-EA-Met and TGLY,
lacking any free hydroxyl group. These outcomes were
previously observed in the published literature, and the
positive effect of —OH groups has been described.”®™*
Based on this study, MGLY and DGLY can increase the
polymerization reactivity in Oil-EA-Met-based precursor
systems and boost the photocuring process, forming the
eventual adhesive.

The water solubility of the studied products is essential to
their purification after the synthesis, and the overall hydro-
philic character also contributes to the potential adhesion
performance due to the total content of polar functional
groups. The calculated water miscibility according to Hansen’s
theory is summarized in Table 3. The highest RED value (the
least water miscibility) is seen with Oil-EA-Met due to its
hydrophobic character enhanced through a long saturated
nonpolar hydrocarbon backbone and the total absence of free
hydroxyls. TGLY exhibited a RED value of 1.79, which also
refers to negligible miscibility with water. This glycerol
derivative does not contain any free hydroxyl, similar to Oil-
EA-Met. DGLY’s RED value reached 1.38, which signaled a
higher affinity to water. However, unlimited miscibility cannot
be reached with RED values above 1; therefore, DGLY could
not be solubilized even with one free hydroxyl in the molecular
structure. MGLY’s RED level achieved a value of 0.92, which
ensures this compound’s solubility in water. This calculated
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Figure 7. FTIR analysis of the synthesized castor oil and waste cooking oil modified products.

Table 2. Summarization of the Synthesized Products’ Rheology, Calculated Reactivity Parameters, and Purity Values

rheology reactivity purity
mixture 730 oc (mPa-s) N (mPas) E, (kJ/mol) R* E, (kJ/mol) In(A)(-) R* GC-FID value (%)
Oil-EA-Met 191 1.84-107° 40.4 0.99 131.8 37.88 0.99
MGLY 479 9.31-1071 56.1 0.99 68.2 19.05 0.98 83.4
DGLY 492 1.96-1071° 54.3 0.99 81.6 21.7 0.96 82.2
TGLY 14 3.01-1078 32.6 091 149.2 44.04 0.96 91.1

outcome reflects the two present free hydroxyl groups within
MGLY’s structure. All calculated predictions were experimen-
tally verified, and the water miscibility (compared with the
commercial standard HEMA)*? results are illustrated in Figure
8.

We formulated five curable systems involving the synthesized
precursors. The experimentally investigated cured thermoset-
forming solutions comprised Oil-EA-Met as the main system
and 25 wt % of each synthesized glycerol derivative (MGLY,
DGLY, and TGLY) and the reference (HEMA). The prepared
reactive precursors were cured and investigated by real-time
FTIR, TGA, DMA, and the flexural test to obtain a complex
characterization profile. The FTIR analysis provided informa-
tion regarding the molecular structure of the formed
thermosets and also uncovered the in-time structural changes
during the polymerization. The graphs in the Supporting
Information (Figures S26—S30) uncover that the molecular
structure of the cured thermosets is similar to the uncured
precursors except for the C=C bending signal at 840—790
m~' (indicating the successful polymerization). Both the
cured and uncured Oil-EA-Met contain amide H-N bonding
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(as the FTIR results confirm), while HEMA, MGLY, and
DGLY increased the polar character due to the vacant O—H
groups. These two groups primarily affected the adhesion
performance.®**

We performed the real-time FTIR analysis of the photo-
curing process (see Figure 9) to fully describe the polymer-
ization process during the irradiation exposure. We calculated
the convers10n value following the previously published
approaches.”>** The investigated C=C signal was changed
from stretchlng (1662—1626 cm™) to bending (840—790
cm™") due to the presence of amide functional groups. Except
for the 100% Oil-EA-Met system, all the cured thermosets
reached complete conversion after 10 min of curing. The pure
Oil-EA-Met completely polymerized after 20 min. The highest
conversion was reached by Oil-EA-Met systems with HEMA
(99.4%) and MGLY (99.9%). Based on the results, the system
containing DGLY reached the fastest conversion rate
(achieving 92.2% conversion after 2 min), while the final
degree of cure after 20 min reached nearly a similar value
(95.1%) to the multifunctional TGLY-based systems (96.6%).
This outcome is probably a combination of the high reactivity
(discovered by DSC investigation) and the highest function-
ality (DGLY contains two polymerizable methacrylate groups).
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Figure 8. Graphical results of the performed rheological study, including Arrhenius graphical interpretation (top). The experimental water
solubility results of the synthesized curable products (bottom). The reactivity investigation results from DSC (side).

Table 3. Calculated Miscibility Interaction Parameters according to Hansen’s Theory

miscibility
dispersion forces 94 polar (Keesom) forces o, hydrogen bondm§ forces 0, forces total 5{0(31 RED water
compound (MJ/m?)!/2 (MJ/m? (MJ/m?) (MJ/m?)V (=) miscibility
Oil-EA- 16.80 2.69 6.38 18.17 2.11 X
Met

MGLY 18.46 6.84 19.34 27.59 0.92 \/
DGLY 17.82 4.49 13.37 22.73 1.38 X
TGLY 17.51 3.33 9.08 20 1.79 X
“water 15.50 16.00 42.30 47.81

“Solubility parameters of water were obtained from the literature.”*

On the other hand, the additives with a single polymerizable
group reached the highest observable convers1ons This
phenomenon was observable in the literature.® Primarily, all
the synthesized and formulated systems were completely
polymerized after 20 min of photocuring. Moreover, the
polymerized layer in the adhesive composition was around 100
um thick, while the photocuring process was investigated in
the 1000 pm layer. Therefore, the complete polymerization
was assured in the adhesives.

Figure 10 shows the results of the DMA performed to
investigate thermomechanical properties of the composed and
formed thermosets, primarily the storage modulus (E’) and the
glass transition temperature ( Tg). The measured values are also
listed in Table 4. As the graphs reveal, the 100% Oil-EA-Met
thermoset reached the lowest storage modulus at 30 °C (111
MPa) and T, (47.7 °C). The HEMA-containing system
reached hlgher thermomechanical parameters (E'3poc = 417
MPa and T, = 65.8 °C). All three systems containing glycerol
derivatives (75% Oil-EA-Met with 25% MGLY/DGLY/
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TGLY) reached very similar storage moduli at 30 °C (E’;gec
reached between 770 and 790 MPa), and the glass transition
temperature increased with the functionality (T, of the MGLY
system reached 84.4 °C, that of DGLY was 84.5 °C, and that of
the TGLY-containing system achieved 86.9 °C). The glycerol-
derivative-containing systems reached the highest thermome-
chanical properties that were expected in the case of DGLY
and TGLY due to a higher functionality.”® Strangely, the
MGLY-containing system exhibited high thermomechanical
properties despite the monofunctional structure comparable to
HEMA’s. Based on these findings, MGLY might combine a
highly polar structure, which empowers the adhesion while
exhibiting an exceptional thermomechanical character com-
pared to its commercial competitor.

The graphical results of the TGA analysis are illustrated in
Figure 10, and the numerical values are summarized in Table 4.
The performed measurements primarily served to uncover the
heat resistance of the formed thermoset. We applied the heat-
resistance calculation (T,) as was previously presented in the
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Figure 9. Real-time FTIR analysis of the photocuring process on the formulated thermoset precursors used for the proposed adhesives. The upper
overlay signals belong to the 100% Oil-EA-Met system, while the bottom four graphs describe the photocuring of the formulated systems
containing 25% of the synthesized additives (MGLY, DGLY, and TGLY) and the reference (HEMA).

published papers.””*® The results uncovered that the pure
100% Oil-EA-Met system reached the lowest T value of 147.3
°C, while the TGLY-containing system outperformed the rest
with a T of 164.0 °C. The highest value achieved by the TGLY
content is probably a consequence of the highest cross-linked
molecular structure by a three-functional monomer, while the
absence of free hydroxyls may increase the thermal stability of
the thermoset. As the graph in Figure 10c displays, the systems
containing glycerol functional derivatives reached considerably
higher thermal stability primarily between 350 and 450 °C.
Presumably, the glycerol ester structure might be more
thermally stable than the ethylene glycol structure (in
HEMA) and the amide bonding in the pure Oil-EA-Met.*’
Generally, the glycerol derivatives’ content increased the
overall thermal stability of the thermoset.

In addition to the DMA investigation providing thermo-
mechanical characteristics, we included flexural tests in the
characterization portfolio. The summarized results are
displayed in Figure 11, and the complete stress—strain curves
are presented in the Supporting Information. The flexural tests
correspond with the DMA analysis. The pure Oil-EA-Met
system exhibited the highest flexibility (reaching the maximum
measured strain of 8.51 + 0.54%) and the lowest flexural
modulus (115 + 15 MPa) and strength (7.0 + 0.4 MPa). The
addition of HEMA increased the modulus (770 + 30 MPa)
and strength (35.7 + 1.2 MPa), while the maximum strain
remained comparable to the pure Oil-EA-Met (8.25 + 0.47%).
As the functionality of the glycerol derivatives increased, the
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modulus rose from 1480 + 36 MPa for the MGLY-containing
system to 1689 + 40 MPa for TGLY involving a thermoset.
The flexural strength of all glycerol-derivative-containing
systems reached between 63.5 + 2.1 MPa (MGLY) and 68.0
+ 4.4 MPa (both DGLY and TGLY), which is considerably
higher than those of both the pure oil system and the HEMA-
containing thermoset. With glycerol’s functionality, the
maximum strain decreased (MGLY reached 6.77 + 0.84%,
DGLY achieved 6.43 + 1.02%, and TGLY exhibited 5.09 +
0.77%), which is in correspondence with the increasing rigidity
uncovered by DMA. The mechanical results confirm the
previously discussed findings from the thermomechanical
analysis and correspond with the literature investigations
focused on varying functional curable additives.”” Based on all
of the combined findings, the glycerol reactive derivatives
might represent a competitive alternative to the commercial
HEMA monomer in Oil-EA-Met-based curable adhesives.

The adhesive-to-adherent compatibility is a crucial parameter
determining the eventual connection performance. Polar
substrates such as wood and glass contain many electro-
negative functional groups, ensuring a highly hydrophilic
character.”™"* According to the molecular structure and the
investigated water miscibility, the highly polar precursors
MGLY and DGLY are expected to increase Oil-EA-Met’s
hydrophilic character and improve the adhesion toward the
selected adherents. The coating adhesion evaluated by the ISO
2049 norm for wood and glass substrates is illustrated in Figure
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Thermal and Thermomechanical Characterization
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Figure 10. Results of the thermal and thermomechanical characterization. (a) The storage modulus dependence on the temperature ramp. (b) The
obtained tan & curves. (c) The TGA weight loss curves. (d) The TGA-derived weight loss curves. (e) The specimens used for DMA and TGA

investigation.

Table 4. Results of the TGA and DMA Analysis

DMA TGA
cured E'300c E"30°c T Ts
thermoset  (MPa)  (MPa)  (°C) (°C) Ty(°C) T,(°C)
Qil-EA-Met 111 46 47.7 257.1 329.8 147.3
25% HEMA 417 98 65.8 272.7 341.8 153.9
25% MGLY 786 80 84.4 263.0 358.9 157.1
25% DGLY 769 82 84.5 254.2 376.4 160.5
25% TGLY 790 109 86.9 260.2 384.4 164.0

12, together with the photos of particular experimentally tested
specimens.

The results displayed in Figure 12 confirmed that MGLY
and DGLY had a positive effect on adhesion toward wood
substrate. The pure Oil-EA-Met thermoset reached ISO 2049
rating level 3, while the performance rating rose to level S with
25% MGLY and DGLY in the cured structure. This outcome is
directly connected to the higher hydrophilic character of both
glycerol derivatives. Strangely, the cured Oil-EA-Met thermo-
set with 25% HEMA reached a wood adhesion level of 3
despite HEMA'’s hydrophilic character compared to MGLY.
This outcome might be a consequence of HEMA’s higher
rigidity, which has been investigated in other castor oil polyol
derivatives for coating applications.” The wood coatings based
on the pure Oil-EA-Met and the thermoset with 25% TGLY
both recorded a level 3 rating, signifying no positive impact on
wood coating performance by the highly nonpolar TGLY. The
glass coating adhesion performance achieved the best result for
MGLY (reached level 5) and HEMA (reached level 1).
HEMA’s performance with glass adherence was not ideal,
especially in the cross area, probably due to the thermoset’s
rigidity (similar to the wood substrate). The other systems
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(100% Qil-EA-Met, 25% DGLY, and 25% TGLY) showed no
adhesion to glass, resulting in an ISO 2049 rating level 0. The
dominating nonpolar character of the Oil-EA-Met and TGLY
structure is possibly incompatible with glass material.
Strangely, DGLY also recorded insufficient adhesion. These
results confirm the possible necessity of water miscibility
(signifying high hydrophilic character and surface tension) for
efficient glass adhesion.

In the case of PMMA adhesion, the MGLY-containing
system recorded the best ISO 2049 rating (level 3). This
outcome enhances the second-best performing system, Oil-EA-
Met, reaching a level 2 rating, which corresponds with the
nonpolar character of the oil-based precursor. Apparently,
MGLY possesses an optimal molecular structure to enhance
the adhesion toward a nonpolar surface. The other two polar
additives, HEMA and DGLY, achieved a level 1 rating, while
the TGLY-containing system failed in the PMMA adhesion
test (recorded level 0). The results uncover that the balance of
the Oil-EA-Met nonpolar character in combination with
MGLY achieves sufficient adhesion toward the polymeric
hydrophobic substrate, while HEMA and DGLY systems
decrease the adhesion. Next to the polar character, the
mechanical and thermomechanical characteristics determine
this performance.”* According to the previous tests, TGLY and
DGLY cause an increasingly rigid character. On the other
hand, HEMA cannot match the glycerol derivatives’ perform-
ance from the mechanical and thermomechanical standpoint.

The adhesive shear strength is a standard parameter
evaluating the application performance in the published
literature.”**” The adhesion strength calculated from the
recorded tensile force is graphically illustrated in Figure 13
together with real specimen photos. The results uncovered that
the pure Oil-EA-Met and the thermoset with 25% TGLY
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Flexural Mechanical Test
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Figure 11. Results of the flexural tests applied to the composed and cured thermoset systems. The testing specimens are displayed in the top right
corner. The complete mechanical results are a part of the Supporting Information.
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thermosets summarized for wood, glass, and poly(methyl meth-
acrylate) (PMMA) adhesion.

achieved practically similar adhesive strength results (around
1000 kPa), signifying no positive effect of TGLY on the castor-
oil-based curable adhesive. Additionally, the real specimen
photo illustrates the glass adhesion failure of these two
samples. This outcome verifies the coating adhesion perform-
ance described earlier in Figure 12. On the other hand, the
commercial reference 25% HEMA and more polar glycerol
derivative thermosets 25% DGLY and 25% MGLY achieved
practically similar recorded adhesion shear strength of around
1400 kPa. Although DGLY exhibited insufficient glass
adhesion (compared to HEMA and MGLY)), its shear strength
performance matched those of both water-soluble derivatives.
Possibly, the polar character of all three additives in Oil-EA-
Met-based thermosets ensures the optimal final adhesion
performance. The glass rupture also confirms the exceptional
applicability achieved during the tensile test for the HEMA,
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DGLY, and MGLY systems. Since the material component
broke in the measuring process, this result promises an even
higher adhesive strength than that measured.

Regarding the PMMA-wood adhesive performance, the
overall numerical values recorded by the tensile test are lower
compared with the polar glass—wood specimens. Although Oil-
EA-Met is a strong hydrophobic oil-derived precursor, the
present polar amide functional groups, together with the
hydroxyls from most of the additives (HEMA, MGLY, and
DGLY), are primarily efficient toward polar substrates. The
PMMA—wood adhesion tests (illustrated in Figure 13)
uncover that the MGLY-containing system achieved the
highest adhesion strength toward the nonpolar PMMA surface
(reaching around 800 MPa). The pure Oil-EA-Met system and
DGLY-containing adhesive had the second-best adhesion
strength (around 640 MPa). The HEMA-containing system
recorded 530 MPa of strength, while the TGLY-involving
system performed the worst, reaching only 380 MPa of
adhesion lap shear strength. This investigation confirmed that
MGLY can enhance both polar and nonpolar adhesion
provided by an oil-derived photocurable precursor. In the
case of PMMA—wood adhesion performance, the commercial
HEMA'’s results were outperformed even by the DGLY
additive.

From the long-term adhesion standpoint, the photocurable
adhesives decrease their properties tremendously due to their
polar molecular structure. The adhesion aging issues were
investigated in the literature previously and should be taken
into account in an application.”* The calculated adhesion
strengths match other commercially and experimentally tested
high-performing adhesives referenced in the published
literature.””* Based on the observed adhesion performance,
the water miscibility and total polarity mainly affect the
adhesion applicability. Also, the synthesized products from
valorized glycerol, MGLY and DGLY, performed similarly to a
commercially available additive, HEMA, in the case of polar
glass—wood adhesion.
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Figure 13. Tensile experimental adhesion application performance investigation of the formulated curable thermosets.

This study investigates a sustainable approach to producing a
photocurable adhesive synthesized from natural castor oil and
waste cooking oil. An innovative castor oil derivative,
ethanolamide methacrylate, was synthesized to form the
primary binder precursor. The waste cooking oil was valorized
to pure glycerol, which was modified to methacrylate glycerol
derivatives, modifying the physical—chemical properties of the
produced curable castor oil ethanolamide. All synthesized
products from renewable sources were synthesized through a
scalable and sustainable approach, resulting in high yields and
purities verified by cross-analysis of NMR, ESI-MS, FTIR, and
GC-FID. The rheological behavior, water miscibility, and
polymerization reactivity were investigated for all curable
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synthesized products. Eventually, the adhesion performance of
the wood and glass coating and the adhesion shear strength
were investigated for photocurable mixtures of castor oil
ethanolamide methacrylate (Oil-EA-Met) with 25% functional
modifier content (glycerol mono/di/trimethacrylate (MGLY,
DGLY, and TGLY) and commercial 2-hydroxyethyl meth-
acrylate (HEMA)). Glycerol monomethacrylate (MGLY)
achieved the best overall performance in the formed castor-
oil-based adhesive. MGLY exhibited a viscosity of 479 mPa-s, a
polymerization activation energy of 68.2 kJ/mol, and complete
solubility in water. The heat resistance was better than the pure
Oil-EA-Met and the commercial HEMA-containing system,
reaching 157.1 °C. The storage modulus at 30 °C and the glass
transition temperature were superior to the pure-oil-derived
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system and the thermoset with HEMA, achieving E';y.c = 786
MPa and T, = 844 °C. The flexural properties of MGLY
combined significantly higher modulus (1689 + 40 MPa) and
strength (63.5 + 2.1 MPa) than the commercial HEMA-
containing system. MGLY reached adhesion coating ISO 2049
rating level S (the highest) on a wood adherent and level S
(the highest) on a glass adherent. The PMMA adhesion
reached the highest among the samples measured (level 3).
The formulated adhesive containing 75% Oil-EA-Met and 25%
MGLY performed similarly to the system with commercial
25% HEMA, reaching approximately 1400 kPa of adhesive
shear strength. Also, the PMMA—wood system with MGLY-
containing adhesive reached a superior lap shear strength
(roughly 800 MPa). The curable adhesive precursor from
natural and waste sources performed comparably with the
available commercial system.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsengineeringau.5c00084.

Cross-analysis data (Figures S1—S21), additional results
of the DSC analysis (Figures $22—S25), a theoretical
background to water miscibility, Hansen’s theory, cured
thermoset structures determined by FTIR (Figures
$26—S30), real-time curing FTIR study (Figures S31—
S34), additional DMA data (Figure S35), flexural test
results (Figure 36-S40), and further data on the
adhesion strength measurements (Figures S40—SS0)
(PDF)
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