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Introduction

Synthetic latexes are manufactured using emulsion
polymerization, a process involving a radical polym-
erization of emulsified unsaturated monomers with
low water solubility, initiated using a water-soluble
initiator [1-4]. Emulsion polymerization is a widely
used technique for a multitude of applications such as
surface coating systems (paints, adhesives, sealants)
and bulk polymers. The use of water as the dispersion
medium is eco-friendly and provides excellent heat
dissipation during the polymerization process [5]. A
variety of monomers can be used in emulsion polym-
erization, the most common are esters of acrylic and
methacrylic acid, vinyl acetate, or styrene [6]. In recent
years, the concerns among scientific and industrial
companies about the global depletion of oil feedstock
and its negative impacts on the environment evoked
new research in the field of renewable resources for
the synthesis of polymers [7-13]. These research ten-
dencies also affect the area of emulsion polymerization
[14-17].

The use of vegetable oils, i.e., triglycerides of higher
fatty acids, has emerged as a promising alternative to
fossil fuels due to their abundance, sustainability, and
biodegradability. They can be incorporated in their tri-
glyceride form into renewable polymers in a similar
way to many ordinary plastics from petroleum chemi-
cals [18-22]. Vegetable oils such as sunflower [23], soy-
bean [24, 25], linseed [26], castor [27], jatropha [28], or

rapeseed [29] are widely used for the synthesis of pol-
ymers for various applications, e.g., acrylic adhesives
[30], alkyd coatings [31], thermo-sensitive films for
food conservation [32], and polyurethane composites
[25, 27-29]. They have also been utilized as emollients
in the cosmetic industry [33]. In addition, vegetable
oils can be utilized in the form of esters of higher fatty
acids produced by transesterification [34-37]. The
esters of higher fatty acids are used mainly as alterna-
tive diesel fuel (biodiesel) [38], but they can also rep-
resent raw materials for polymer synthesis [31, 39].

Vegetable oils vary especially in the degree of
unsaturation of higher fatty acids constituents [40—42].
However, the double bonds present in the fatty acid
tails are not sufficiently reactive for common polym-
erization reactions, necessitating the introduction of
more reactive functionalities like acryloyl, hydroxyl, or
epoxy groups [43, 44]. Different ways to modify veg-
etable oils into reactive monomers have been studied,
including epoxidation [45-47], hydroxymethylation
[48], oxidation [49], and acrylation [50, 51]. Among
these approaches, epoxidation followed by acrylation
has been often used to introduce acryloyl functional
groups via previously attached epoxy groups [39,
52-54].

Utilizing chemically modified vegetable oils in the
field of emulsion polymerization remains quite a chal-
lenge due to their hydrophobic nature and low solu-
bility in water, which limits their transport and sub-
sequently impedes their incorporation into resulting
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polymer particles [55-57]. Despite these difficulties,
some successful attempts have been reported. Kaya
et al. [58] copolymerized soybean oil-based derivative,
containing acryloyl and allylic functionalities with
methyl methacrylate. Moreno et al. [59] successfully
synthesized film-forming polymers from acrylated
linoleic acid. Demchuk et al. [60] prepared stable
latexes containing up to 35 wt% of bio-based units in
copolymer copolymerizing vinyl derivatives from soy-
bean, sunflower, linseed, and olive oils with methyl
methacrylate, styrene, and vinyl acetate. Jensen et al.
[61] utilized acrylated methyl oleate in the emulsion
polymerization of styrene finding that an increase in
bio-based derivative content resulted in a decrease in
the glass transition temperature and a higher initia-
tor consumption. Bunker et al. [62] studied emulsion
copolymerization of acrylated methyl oleate with
acrylic acid revealing the branching of polymer mol-
ecules due to chain transfer reactions.

Among the highly unsaturated vegetable oils inves-
tigated for use in emulsion polymerization, linseed oil
(LO) has become popular [60, 63-66]. It is obtained
from the dried, ripened seeds of the flax (Linum usi-
tatissimum). Its molecules are primarily composed of
linolenic, linoleic, and oleic acids that can be trans-
formed into functional monomers through graft-
ing of reactive groups [67, 68]. Camelina oil (CO) is
another industrially relevant vegetable oil containing
a large amount of polyunsaturated fatty acids. This
oil is obtained from Camelina sativa, which is a cru-
ciferous plant also called false flax [69]. The interest
in camelina and its oil has increased in recent years
due to its agronomic advantages compared with other
traditional oilseed crops, such as the low requirement
for fertilizer or water, good adaptivity to unfavorable
environmental conditions, and resistance to pests [70].
Camelina is frequently grown as a non-food oilseed
crop, avoiding competition with other crops meant
for food production [71-74]. It contains about 90% of
unsaturated fatty acids with an average of 5.8 dou-
ble bonds per triglyceride, making CO very attractive
for the synthesis of derivates with high functionality
[75]. In contrast to LO, CO and its derivatives have
hardly been investigated as a raw material for polymer
production via emulsion polymerization. To the best
of our knowledge, the only information is related to
photo-induced emulsion homopolymerization of CO
derivative that was functionalized with polymerizable
methacrylic groups and hydrophilic polyethylene gly-
col units, providing self-emulsifiable properties [76].
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In our previous work, we demonstrated the suc-
cessful synthesis of acrylated rapeseed oil-based
derivatives and their application in latex protec-
tive coatings [52]. In this work, we focused on the
synthesis of acrylated derivatives from LO and
CO, respectively, and their utilization in emulsion
polymerization. The effects of the type and content
of the bio-based derivative on the properties of final
film-forming latex products, such as colloidal stabil-
ity, chemical structure, and glass transition tempera-
ture, were studied. The application of the bio-based
derivatives in the emulsion polymerization process
was also evaluated based on the molar mass distribu-
tion of the resulting latex copolymers using asym-
metric flow field flow fractionation (AF4), coupled
with a multi-angle light scattering (MALS) detector.
Additionally, coating properties aimed at surface
topography and water resistance were tested.

Materials and methods
Materials

The bio-based derivatives were obtained from lin-
seed oil (LO, HB-Lak, Hostivaf, Czech Republic),
and camelina oil (CO, The National Agricultural and
Food Center, Pstrusa, Slovak Republic). Their syn-
thesis was performed using the following chemicals
purchased from Lach-Ner (Brno, Czech Republic):
hydrogen peroxide (30%, technical grade), metha-
nol, potassium hydroxide, sulfuric acid, potassium
carbonate, formic acid, hydroquinone, ethyl acetate,
and sodium carbonate. In addition, acrylic acid
(AA, Sigma-Aldrich, Schnelldorf, Germany) and
chromium(III) 2-ethyl hexanoate (ThermoFisher,
Kandel, Germany) were utilized for the synthesis
of the bio-based derivatives. Methyl methacrylate
(MMA), butyl acrylate (BA), and methacrylic acid
(MAA), obtained from Sigma-Aldrich (Schnell-
dorf, Germany), were used as the petroleum-based
monomers in all emulsion polymerizations (Supple-
mentary Material Fig. 51). Disponil FES 993 (BASF,
Prague, Czech Republic) and ammonium persulfate
(Lach-Ner, Brno, Czech Republic) were used as the
surfactant and initiator, respectively. 2-Amino-2-me-
thyl-1-propanol (AMP 95, Sigma-Aldrich, Schnell-
dorf, Germany) was utilized for latex neutralization.
All the chemicals were used as received.



J Mater Sci (2023) 58:15558-15575

Synthesis and characterization of derivatives
from vegetable oils

The synthesis of acrylated bio-based derivatives was
performed according to a 3-step procedure: (i) The
methyl ester of LO (ME_LO) and methyl ester of CO
(ME_CO) were obtained by transesterification of the
respective vegetable oil, (ii) The epoxidized methyl
ester of LO (EME_LO) and epoxidized methyl ester of
CO (EME_CO) were synthesized, and (iii) Acrylation of
EME_LO and EME_CSO was performed resulting in the
acrylated methyl ester of LO (AME_LO) and acrylated
methyl ester of CO (AME_CO) [52].

The iodine value and chemical structure were
assessed for the synthesized methyl esters, epoxidized
methyl esters, and acrylated methyl esters of LO and
CO. The iodine value (representing the level of unsatu-
ration) for intermediate and final products was meas-
ured according to the Hanus method [77]. The chemical
structure of intermediate products and final bio-based
derivatives was evaluated using proton nuclear mag-
netic resonance (‘H NMR) spectroscopy and infrared
(IR) vibration spectroscopy. 'H NMR spectra were
recorded on a Bruker 500 Avance spectrometer (Bruker,
Billerica, MA, USA) at 300 K. The samples (50 pL) were
dissolved in CDCl; (1 mL) obtained from Acros Organ-
ics. Spectra were referenced internally to residual CHCl,
and reported relative to Me,Si (0 =0 ppm). The intensi-
ties of the bands were referenced to the methyl ester
group (3H). Proportions of different methyl esters of
higher fatty acids in intermediate products after trans-
esterification and conversions of the subsequent epoxi-
dation and final functionalization (acrylation) were cal-
culated by using Egs. (1-5):

ca_ h(ME)
18:3= h(ME) + i(ME) @
18:2:c(ME)—;1><18:3 2
n:1=e(le)—18:2—18:3 3)

n:0=1-n:1-18:2-18:3

J(EME) + k(EME)
a(ME) @)

a(epoxidation) =
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I(AME)+m(AME)+1(AME)
a(overall) = . (l\iE) (5)

2

where 18:3, 18:2, n:1, and n:0 are the proportions of
a given methyl ester of higher fatty acid with a spe-
cific pattern (no. of carbons: no. of double bonds), and
the parameters (small letters) denoted as ME, EME,
and AME are the integral intensities of resonances in
'"H NMR spectra of a given methyl ester, epoxidized
methyl ester, and acrylated methyl ester, respectively.

IR spectra were recorded on a Nicolet iS50 FTIR
spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a build-in diamond ATR
(attenuated total reflection) crystal in the region of
4000400 cm™! (data spacing =0.5 cm™). Raman spectra
were recorded on the same spectrometer using the FT-
Raman module (Nd:YAG excitation laser, A = 1064 nm,
power =0.5 W, data spacing =2 cm™) in the region of
4000-200 cm™.

Synthesis and characterization of latexes

Using the semi-continuous non-seeded emulsion
polymerization technique, two sets of latexes were
produced. In both sets of latexes, different amounts
(5-30 wt%) of AME_LO and AME_CO, respectively,
were copolymerized with standard petroleum-based
monomers (MMA, BA, MAA). A reference latex (REF)
was synthesized without any bio-based derivative in
parallel. The monomer composition of latex copoly-
mers is shown in Table 1. The latexes were denoted
as X_y, where X reflects the vegetable oil type (LO
or CO), and y represents the percentage concentra-
tion of a given bio-based derivative in the monomer

Table 1 Monomeric composition of latex copolymers differing
in the bio-based derivative type and content

Latex name Bio-based Monomer (g)

derivative content MMA BA MAA AME X'

(Wt%)

REF 0 21.0 28.0 1 0
X_5° 5 199 266 1 2.5
X_10* 10 18.9 25.1 1 5.0
X_15% 15 17.8 237 1 7.5
X_20* 20 167 223 1 10.0
X_25% 25 157 208 1 12.5
X_30* 30 14.6 194 1 15.0

#X is reflects the vegetable oil type (LO or CO)
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mixture. The monomer composition for all the synthe-
sized latexes maintained the MMA/BA ratio of 21/28
(w/w). The procedure and conditions for the synthe-
sis of latexes are described in detail in reference [52].
Each latex type was synthesized twice to verify the
reproducibility. The coagulum content and monomer
conversion were determined according to standard
procedures [78]. The pH of the latexes was adjusted
to 8.5 using a 50% aqueous solution of AMP 95.

To evaluate the storage stability of the latexes, dif-
ferences in the average particle size and zeta poten-
tial were detected after storing the latexes at 40 °C for
60 days. The average hydrodynamic diameter and
zeta potential values were determined using dynamic
light scattering (DLS) with a Litesizer 500 instrument
(Anton Paar GmbH, Graz, Austria). The measurements
were performed at a solid polymer concentration of
0.01 wt% in the water phase and at a temperature of
25 °C.

The latex copolymers were characterized from the
point of view of the molar mass distribution and gel
content. The molar mass distribution was obtained
from asymmetric flow field flow fractionation (AF4)
combined with a multi-angle light scattering (MALS)
detector. The experimental setup employed for AF4-
MALS was composed of an Agilent 1260 Infinity II
chromatograph (Agilent, Santa Clara, CA, USA),
equipped with a Wyatt Technology AF4 system Eclipse
coupled with a MALS photometer DAWN and an
Optilab refractive index (RI) detector. The detectors
and software utilized in this study were obtained from
Wyatt Technology (Santa Barbara, CA, USA). The sep-
aration took place in a long channel of 350 pm thick-
ness using a regenerated cellulose membrane with a
molecular weight cutoff of 10 kDa. Tetrahydrofuran
(THF) served as the carrier solvent. A linear cross-flow
gradient was employed, starting at 2.5 mL min, and
gradually decreasing to 0.1 mL min™! over a dura-
tion of 15 min, followed by 20 min at a flow rate of
0.1 mL min"' and an additional 10 min with zero cross-
flow. The channel flow and detector flow were set at
1and 0.3 mL min™!, respectively. Prior to the analysis,
a liquid latex was dissolved (for 48 h) in THF at a con-
centration of approximately 2.5 mg (solid polymer)
mL7, filtered using a 0.45 pm filter, and then injected
in a volume of 100 uL. Data collection and process-
ing were performed using ASTRA 8, while VISION
software was used to operate the Eclipse instrument
(both from Wyatt Technology). The gel content of latex
copolymers was determined according to CSN EN ISO
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6427. Around 1 g of a dried polymer film was extracted
in THF during 24-h period using a Soxhlet extractor.

Preparation and characterization of latex
coatings

A blade applicator was used to apply the liquid
latexes onto glass panels, resulting in wet coatings
with a thickness of 120 pum. Coalescing agents were
not used. After drying at room temperature (RT,
22+1 °C) and 40 £+ 5% of relative humidity (RH) for
10 days, the resulting coatings were assessed for
their chemical composition, gloss, surface topogra-
phy, water contact angle (WCA), water whitening,
hardness, and glass transition temperature (T}).

The chemical composition of coatings was
detected by IR vibration spectroscopy using the same
instrument and experimental condition as stated
before. The gloss of coatings, applied on a glass
panel sprayed with black matte paint (RAL 9005),
was measured according to CSN EN ISO 2813 using a
gloss-measuring geometry at 60°. The surface topog-
raphy of coatings was evaluated employing atomic
force microscopy (AFM) using a Dimension Icon
(Bruker, Billerica, MA, USA) in PeakForce Quantita-
tive Nanoscale Mechanical mode using ScanAsyst-
Air tips (k=0.4 Nm™!). The topography of the film
surface was monitored at a scanning frequency of
0.5 Hz with a resolution of 512 x 512 pixels at areas
10x 10 and 1 x 1 um?, for details see ref. [79]. The
roughness was evaluated as RMS value in a similar
way as in [80]. The optical microscope Olympus BX
60 was used for macroscopic visualization of the sur-
faces. WCAs were determined using an optical ten-
siometer Attension Theta (Biolion Scientific, Espoo,
Finland) by applying a 1 uL water drop and measur-
ing the steady-state WCA value at 10 s. Ten measure-
ments were taken for each coating sample at room
temperature and 40 + 5% RH. An objective evaluation
of water whitening of coatings cast on glass panels
was done by measuring the light transmission, spe-
cifically the change in transmittance at a fixed wave-
length of 500 nm. A ColorQuest XE Spectrometer
(Hunterlab, Reston, VA, USA) was used for this pur-
pose. The coatings were immersed in distilled water
at room temperature for 1, 4, and 24 h, and then the
transmittance of the exposed coating film area was
measured. The extent of water whitening (W in %)
was calculated using the following Eq. (6).
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W =100x .1t

- X T (6)
where T is the coating transmittance before distilled
water exposure, and T, is the coating transmittance
immediately after the immersion test.

The hardness of coatings was tested according to
CSN EN ISO 1522 using a Persoz-type pendulum
(3034M001 instrument, Elcometer Instruments GmbH,
Aalen, Germany). T, of coating polymers was meas-
ured by differential scanning calorimetry (DSC) on a
DSC Q2000 instrument (TA Instruments, New Castle,
DE, USA) at a heating rate of 10 °C min™" from - 40 to
100 °C. Each coating type was measured twice to verify
the reproducibility.

Results and discussion

Characterization of derivatives from vegetable
oils

A three-step process was employed to synthesize two
derivatives composed of acrylated methyl esters of
fatty acids. Initially, transesterification of LO and CO
was performed resulting in methyl esters of fatty acids
denoted as ME_LO and ME_CO. To obtain epoxidized
intermediate products (EME_LO and EME_CO), double
bonds in fatty acid tails of ME_LO and ME_CO were
epoxidized. Subsequently, the EME_LO and EME_CO
were acrylated to obtain acrylated methyl esters of fatty
acids AME_LO and AME_CO, respectively. The acryla-
tion process involved the oxirane ring opening and
the formation of the acryloyl groups together with the
hydroxyl group on the adjacent carbon. The epoxidation
and acrylation schemes are portrayed in Supplementary
Material Fig. S2.

The degree of unsaturation in the synthesized bio-
based derivatives and their intermediate products was
also evaluated by their iodine value (Table 2). Epoxi-
dation of ME_LO and ME_CO led to a decrease in
the iodine value, although a part of the C=C bonds
was found to be intact. The incorporation of acryloyl
groups was manifested by an increase in the iodine
value. Higher iodine values were detected in the corre-
sponding LO-based products. These findings correlate
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with the "H NMR results that revealed a higher degree
of unsaturation in the ME_LO in contrast to ME_CO
and further verified similar conversions of epoxidation
and acrylation reactions in the case of both types of bio-
based intermediate products.

'"H NMR spectroscopy enabled us to prove the
identity of ME_LO (Fig. 1) and estimate the degree
of unsaturation. The unsaturation of fatty acid tails is
evidenced by a multiplet at 5.41-5.24 ppm (a). Methyl
ester group gives a characteristic singlet at 3.64 ppm
(D). All methyl esters are suggested to contribute to
the intensity of this signal equally. Its integral inten-
sity implies that the average fatty acid tail contains 2.1
double bonds. Two overlapping triplets (c), observed
at 2.78 ppm (3 J(1H,1H)=6.0 Hz) and 2.74 ppm
(3 J(1H,1H) = 6.8 Hz), were assigned to bis-allylic
methylene groups of polyunsaturated fatty acids 18:3
(4H) and 18:2 (2H), respectively. Methylene groups in
a-position relative to the ester function give a well-
separated triplet at 2.27 ppm (3 J(1H,1H) =7.5 Hz;
d). Mono-allylic methylene groups of 18:1 (4H),
18:2 (4H) and 18:3 (4H) appear as a multiplet at
2.09-1.94 ppm (e). Other methylene groups of the
fatty acid tails appear as multiplets at 1.65-1.54 ppm
(f) and 1.36-1.19 ppm (g). A well-separated triplet at
0.95 ppm (3 J(1H,1H) =7.5 Hz; h) was assigned to a
terminal methyl group of 18:3 (3H). The down-field

AME_LO
I mn
k
j
EME_LO A
a b cd e flg i
ME_LO

LN B L L L B e e

T
6.5 6.0 55 50 45 40 35 3.0 25 2
(ppm)

T
1.5 1.0

Figure 1 'H NMR spectra of the LO-based intermediate prod-
ucts and the final LO-based derivative (AME_LO).

Table 2 Iodine values of

) ) . Sample
bio-based intermediate

ME_LO

EME LO AME_LO ME_CO EME_CO AME_CO

products and final derivatives Iodine value (g 1,/100 g)

181.3+4.1

564+2.6 769+19 141.8+3.6 40.0+19 657+1.1
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shift relative to the methyl groups of other fatty acid
tails, appearing at 0.88-0.83 ppm (i), is due to the prox-
imity of unsaturation. Signals of the 'H NMR spec-
trum of ME_CO were (Supplementary Material Fig.
S3) assigned similarly. The analysis of the spectrum
revealed a lower degree of unsaturation (1.7 double
bonds per fatty acid tail).

The estimated composition for intermediate prod-
ucts ME_LO and ME_CO (based on the results of H
NMR spectroscopy) is listed in Table 3. We note that
the NMR technique enables to estimate the degree of
unsaturation of a given higher fatty acid methyl ester
but not the length of the tail. Therefore, the outcome is
reported as the sum of methyl esters of saturated fatty
acids (n:0=16:0 + 18:0 + 20:0 + 22:0 + 24:0), the sum of
methyl esters of monounsaturated fatty acids (n:1=1
8:1+20:1 +22:1 +24:1), and methyl esters of 18:2 and
18:3 fatty acids.

The epoxidation of ME_LO and ME_CO was fol-
lowed by IR and Raman spectroscopy. A lower degree
of unsaturation in the epoxidized samples EME_LO
and EME_CO is well documented by a lower inten-
sity of the C=C stretching band observed in Raman
spectra at 1657 cm™ (Fig. 2 and Supplementary Mate-
rial Fig. S4). 'H NMR spectroscopy enabled to fol-
low the process in more detail. As shown in Figs. 1
and S3, the signals related to unsaturation (2 and b)
decreased in intensity and their pattern was changed
due to the proximity of epoxy groups. The forma-
tion of epoxy functions was unambiguously proven
by the appearance of new signals at 3.18-2.82 ppm (j
and k), assigned to CH groups of an epoxy moiety,
which well correlates with literature data reported for
epoxidized methyl esters of pure fatty acids [81]. The

Table 3 Composition of methyl esters of higher fatty acids in
intermediate products ME_LO and ME_CO

Fatty acid pattern (no. of carbons: Content of methyl ester of

no. of double bonds) higher fatty acid (%)
ME_LO ME_CO

n:0* 12 13

n:1° 16 35

18:2 21 22

18:3 51 30

2Sum of methyl esters of saturated fatty acids (16:0+ 18:0+20:0
+22:0+424:0)

®Sum of methyl esters of monounsaturated fatty acids
(18:1+20:1+22:1424:1)
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Figure 2 IR and Raman spectra of ME_LO (black), EME_LO
(blue), and AME_LO (red).

intensity of signals enabled to quantify the conversion
of the epoxidation process. It reached 59 and 68% for
EME_LO and EME_CO, respectively. So, in both cases
(EME_LO and EME_CSO), the average fatty acid tail
contains approximately 0.82 epoxy groups.

As shown in our previous study [52], the acryla-
tion of epoxidized higher fatty acid methyl esters
can be verified by IR and Raman spectroscopy. The
presence of the C=0O stretching band at 1638 cm™! and
C=C stretching band at 1724 cm™!, observed in both
AME_LO and AME_CO (Fig. 2 and Supplementary
Material Fig. 54, respectively), are characteristic for
the acryloyl group. "H NMR spectra of AME_LO and
AME_CO show three new multiplets in the region of
6.45-5.75 ppm (I, m, and n in Figs. 1 and S3), those were
attributed to the acryloyl function. Signals appearing
at 4.87 and 4.43 ppm were assigned to the hydrogen
atom of the acrylated fatty acid tail at a-position rela-
tive to the acryloyl function. The intensity of the acry-
loyl signals revealed that the average fatty acid tail in
AME_LO and AME_CO contains 0.81 and 0.77 acry-
loyl functions, respectively. It implies that the overall
conversion is 39% for AME_LO and 46% for AME_CO.
Similar findings were also presented in the relevant
literature related to the acrylation of epoxidized oil-
based derivatives. Completely acrylated products
were difficult to obtain as some of the epoxy groups
remained non-acrylated due to steric hindrance based
on the mutual proximity of epoxy groups [36, 82, 83].

Based on the results given above, the bio-based
derivatives AME_LO and AME_CO represented a
mixture of different methyl esters of higher fatty acids
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(predominantly 18:1, 18:2, 18:3, and 20:1 in AME_CO)
consisting of fully or partially acrylated compounds
that were capable of radical polymerization, but also
their non-acrylated counterparts that remained intact
in the process of emulsion polymerization. The chemi-
cal structures of the most common acrylated deriva-
tives in AME_LO and AME_CO are shown in Supple-
mentary Material Fig. S5.

Characterization of latexes

The properties of the prepared latexes are listed in
Table 4. It was found that all the latexes contained a
small amount of coagulum that was not affected by
the type and content of the incorporated bio-based
derivative. A decrease in monomer conversion was
found in both sets of latexes with the highest bio-
based derivative content (30 wt%). This phenomenon
could be caused by poor water solubility of bio-based
derivatives [66] and low initiator concentration [61].
Further tests revealed that the amount of incorporated
bio-based derivatives did not significantly affect the
hydrodynamic diameter of latex particles. Concern-
ing the values of the zeta potential (being negative
due to the presence of carboxyl and sulfate groups
from copolymerized MAA, persulfate initiator, and
adsorbed anionic surfactant, respectively), the increas-
ing amount of copolymerized bio-based derivatives
lead to increase in absolute values of the zeta potential,
which can be attributed to a partial acid hydrolysis
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of methyl ester group [84] in the bio-based deriva-
tive-building units under polymerization conditions
(pH ~ 2) providing carboxyl groups. In addition, the
zeta potential values (in absolute terms above —40 mV)
indicate sufficient colloidal stability of all the freshly
prepared latexes [85]. After storing at an elevated
temperature (40 °C) for a month, no visible settling
or creaming, nor any significant increase in the aver-
age hydrodynamic diameter occurred, whereas a mild
decrease in absolute values of the zeta potential was
found, which can be assigned to a desorption of a por-
tion of surfactant molecules from latex particle surface
[86, 87]. Nevertheless, the resulting values of the zeta
potential after storing proved that all the latexes could
be considered long-term stable.

The content of incorporated bio-based building
blocks (AME_LO and AME_CO) in the polymer back-
bone was followed by IR spectroscopy in line with the
protocol described previously for fatty acid-modified
acrylates [52]. For both sets of latex coatings (differing
in the type of the copolymerized bio-based derivative),
similar IR spectra for the corresponding concentra-
tions of AME_LO (Fig. 3) and AME_CO (Supplemen-
tary Material Fig. S6) in the copolymer were obtained.
Figures 3 and 56 document the increasing intensity of
CH stretching bands of methylene groups at 2931 and
2855 cm ™!, which well correlates with the increasing
content of bio-based derivatives used for the synthe-
sis of latexes. This feature verifies successful incor-
poration of vegetable oil-based building blocks into

Table 4 Properties of latexes in terms of coagulum content, conversion, and storage stability

Latex name Coagulum con-  Conversion (%) Hydrodynamic diameter (nm) Zeta potential (mV)

tent (%) Before storing After storing Before storing After storing
REF 1.7+0.6 943+1.0 102.1+0.9 104.0+1.6 —422+0.2 -385+1.1
LO_5 0.9+0.2 96.0+1.3 99.3+2.1 96.8+2.5 —42.4+44 —-37.7+2.7
LO_10 1.2+043 95.1+1.6 89.1+0.9 90.6+2.4 —-47.0+3.0 -40.5+34
LO_15 1.8+£0.3 96.4+1.6 94.0+1.2 95.9+2.1 —-452+1.7 —-41.4+0.8
LO_20 1.4+0.3 95.7+0.8 86.4+1.1 87.9+23 -51.7+£0.2 —-442+1.7
LO_25 1.1+£0.2 93.8+0.2 822+1.1 82.6+1.0 —-49.5+3.0 —46.6+2.1
LO_30 1.2+0.1 87.8+0.9 99.9+2.2 100.7+1.2 —-49.7+0.7 —42.4+0.6
CO_5 0.5+0.2 96.0+0.4 108.2+1.4 109.4+1.6 —49.7+0.7 —-42.6+0.7
CO_10 1.1£0.2 96.5+1.9 89.0+£1.0 89.0+£1.5 -49.9+0.5 —455+1.5
CO_15 1.2+04 96.5+0.4 84.1+1.3 85.6+2.0 —-477+13 —479+2.8
CO_20 1.3+£0.2 955+1.0 86.0+2.0 86.1+1.3 —46.6+0.6 —48.8+2.9
CO_25 04+0.1 94.3+0.1 80.1+1.0 80.1+1.8 -493+15 —48.6+3.8
CO_30 29+04 88.9+0.3 95.0+0.7 96.5+2.1 —48.4+0.8 -41.3+0.9

@ Springer



15566

IR, transmittance (a.u.)

——REF
—1L0.5

——L0_10
——L0_15
——10_20
——L0_25
——L0_30

e
2800

v(CH)' v (CH)
-CH -CH,-

3

— — .
2900 2850 2750

wavenumber (cm™)

. —— ——
3050 3000 2950
Figure 3 IR spectra of latex coatings differing in the content of

the copolymerized LO-based derivative.

the polymer structure. An illustrative structure of a
copolymer chain comprising a bio-based building unit
is shown in Supplementary Material Fig. S7.

Characterization of molar mass distribution
by AF4-MALS

Figure 4 depicts typical RI fractograms and molar
mass versus retention time plots for latex copolymers
LO_15 and CO_15 (that were synthesized using 15
wt% of the respective bio-based derivative in the initial
monomer mixture). The peaks at lower retention times
can be assigned to soluble macromolecules, while
the peaks at higher retention times belong to cross-
linked swollen latex particles (nanogels). Figure 4
also demonstrates a negligible difference between
the two investigated bio-based derivatives. All the

(a)

10°4

1074

10° 3

Molar Mass (g mol™)

T T T T T T T T T
20 25 30 35 40 45 50 55 60
Time (min)
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analyzed copolymers showed similar plots with solu-
ble polymer and nanogel fractions baseline separated.
The nanogels were most probably created by cross-
linking within the individual latex particles due to
the presence of multi-acrylated ingredients derived
from polyunsaturated fatty acids. As the molar mass
is approximately constant across the nanogel peak,
it appears that these species are of very narrow dis-
persity. Table 5 shows the most relevant characteris-
tics of the two sets of latex copolymers, namely the
weight-average molar mass (M,,) and dispersity (D) of
soluble polymer, the weight fractions of soluble poly-
mer and nanogels, and the M,, of nanogels. There is a
clear trend of the increasing fraction of nanogels with
increasing the concentration of the given bio-based
derivative in the monomer feed, which was verified
also by determining the gel content (see Table 5).

Characterization of coatings

The evaluated properties of coating films cast on glass
panels are listed in Table 6. In terms of appearance, the
gloss of coatings gradually decreased with the increas-
ing amount of incorporated bio-based derivatives for
both sets of latex coatings. This phenomenon can be
caused by the presence of methyl esters of saturated
fatty acids, representing a non-negligible fraction in
the bio-based derivative batch (see Table 2), as well
as by the methyl esters of various unsaturated fatty
acids that have not been successfully epoxidized or
acrylated (evidenced by 'H NMR analysis and iodine
value measurements, see Table 2). Therefore, these
ingredients could not participate in polymerization;
instead, they could have been sweated out on the

(b)

10%4

107 5

10°

Molar Mass (g mol”)

10°4

10*

T T T T T T T T T
20 25 30 35 40 45 50 55 60
Time (min)

Figure 4 RI fractograms (blue line) and molar mass (black circle) versus retention time plots of copolymers: a LO_15, b CO_15.
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Table 5 AF4-MALS

Latex name Soluble polymer

results in terms of M, D,

Nanogel Gel content (Wt%)

and fractions of polymer M, b Fraction (%) M, Fraction (%)
and nanogels (the results (10° g mol ™) (10° g mol™)
are averages from two REF 6000 36 =100 - - 0.98+0.7
measurements) together with ) 5 102 211 266 128 734 717413
gel content values
LO_10 45 143 147 132 85.3 80.7+1.0
LO_15 33 1.32 133 174 86.7 84.1+0.1
LO_20 25 127 7.6 145 924 88.9+0.6
LO_25 20 1.24 8.6 113 91.4 88.1+0.5
LO_30 15 1.07 54 238 94.6 909+1.2
CO_5 120 2.86 36.9 218 63.1 67.4+1.5
CO_10 63 2.30 21.1 186 78.9 76.7+2.4
CO_15 48 1.64 15.2 195 84.8 81.7+0.4
CO_20 37 1.47 10.3 207 89.7 85.5+1.3
CO_25 42 1.38 124 131 87.6 86.5+1.1
CO_30 28 1.24 95 208 90.5 86.8+0.5
#The measurement uncertainty was below 10%
‘~” The value was not detected
Tab?e 6 Properties of Coating name Gloss 60° (GU) WCA (°) Hardness (%) T, (°C)
coating films in terms of £
gloss, WCA, hardness, and 7, REF 83.5+0.1 649+1.5 5.8+0.2 1.3+0.3
LO_5 83.6+0.2 73.5+2.2 10.7+0.8 3.4+0.7
LO_10 84.1+0.1 749+2.7 7.3+0.1 1.5+0.3
LO_15 29.0+0.5 724453 72+0.4 1.2+1.0
LO_20 27.0+2.6 75.1+£2.6 6.1+0.3 -0.6+0.5
LO_25 223+1.8 77.1+2.8 5.6+0.2 —-3.4+0.6
LO_30 149+23 66.7+2.7 5.0+0.8 -1.8+09
CO_5 544422 73.4+5.2 9.0+0.7 33+1.0
CO_10 50.8+0.8 73.9+4.0 7.3+04 24+0.7
CO_15 46.8+1.2 75.6+3.5 7.1+04 —-0.4+0.8
CO_20 41.4+1.0 76.6+3.8 5.6+0.5 —-3.0+0.1
CO_25 34.4+0.1 793+1.2 5.1+0.1 —-3.9+0.2
CO_30 21.7+04 71.0+3.3 4.6+03 -2.0+02

coating surface during film drying, worsening the sur-
face smoothness. In addition, these substances could
also affect the interfacial tension and coalescence of
latex particles, resulting in surface roughness.

The surface analysis of a glossy (LO_10) and a matte
(LO_30) coating representatives was done by the opti-
cal and atomic force microscopes (Fig. 5). From the
view of the optical microscopy (top line in Fig. 5), the
coating LO_10 was a flat material with a limited no.
of surface defects. In comparison, defects (folds and
creases), oriented regularly in the form of some fac-
ets or grains, were present on the surface of the latex

coating LO_30. The size of the facets was in a range
of 100-600 pum. In addition, the surface topography
was evaluated by AFM to affect the sizes correspond-
ing to the scale of single latex spherical particles. The
surface topography revealed a hexagonal array of
latex spheres with a relict of the top of original poly-
mer spheres for both coating samples (bottom line in
Fig. 5). The waviness of the LO_30 coating surface was
verified on a scanned surface of 10 pum? (middle line
in Fig. 5) and simultaneously reflected in the rough-
ness value of the root mean square (RMS) of 40.8 nm.
On the contrary, the coating LO_10 showed a smooth
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Figure 5 Surfaces and topography of LO_10 (left column) and LO_30 (right column) coatings visualized by optical microscope (top

line) and atomic force microscopy (middle and bottom lines).

surface with an RMS of 5.0 nm. Even on a 1 um scan
(bottom line in Fig. 5 and profiles in Fig. 6), we can see
differences in terms of the periodicity (distance top-
to-top of the spheres relicts) and depth (max-to-min in
height), specifically for the LO_10 coating the periodic-
ity and depth differences were 73 and 1.3 nm, respec-
tively, and for the LO_30 coating, these values were

@ Springer

higher (103 and 4 nm, respectively). It can be assumed
that the loss of coating gloss relates to the macroscopic
roughness that resembles a kind of colloidal crystals.
The reason may be attributed to the non-polymeriz-
able bio-based ingredients that were excluded in the
particle interstices during film-formation or remained
adsorbed on individual polymer particles, thereby



J Mater Sci (2023) 58:15558-15575

1nm
100 nm

Topography

X-profile

Figure 6 Topographical profiles of REF (black), LO_10 (red),
and LO_30 (blue) coatings.

affecting interdiffusion and particle deformation in
the coalescence stage or inducing a kind of the self-
assembly effect by changes in electrostatic repulsion,
and interfacial tension [88].

It was also shown that the incorporation of the
bio-based derivatives affected the surface properties
of coatings in terms of their wettability. WCA values
were in the case of both sets of coatings about 10°
higher than for the reference coating (see Table 6).
However, no clear relations between WCA increase
and the bio-based derivative type or content have been
found. The phenomenon of increased water repellence
is probably related to the hydrophobic nature of the
copolymerized acrylated methyl esters of higher fatty
acids. It can also be attributed to the non-polymerized
oil-based fractions that could be located on the coating
surface. However, the presence of highly hydrophilic
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hydroxyl groups (originated from epoxy groups) in
the copolymerized higher fatty acid tails probably
diminished this effect. Finally, the increase in WCA
of coatings containing the bio-based derivatives may
be associated with their roughness in terms of the
nanoscopic surface topography that can be signifi-
cantly affected by the size of original latex particles.
The effect of latex particle size on nanoscopic surface
topography of coatings is evidenced in Fig. 6. Latexes
REF and LO_30 exhibiting a similar hydrodynamic
diameter of polymer particles (approximately 100 nm)
provided coatings of analogous topographical pro-
files in contrast to smoother surface topography of
the LO_10 coating made of smaller polymer particles
(having the hydrodynamic diameter of approximately
90 nm). The comparison of average hydrodynamic
diameters of latex particles (Table 4) with WCA val-
ues of corresponding coatings (Table 5) revealed that
the smaller the hydrodynamic diameter of polymer
particles (the smoother the coating surface at the nano-
scopic level), the higher the WCA.

The water sensitivity of the coatings was also tested
from the point of view of water whitening. The phe-
nomenon of water whitening, appearing in latex coat-
ing films as a consequence of water penetration due
to light scattering of water clusters, is a serious and
frequently addressed problem of latex protective coat-
ings [89, 90]. As shown in Fig. 7, coatings from latexes
synthesized using the bio-based derivatives were less
susceptible to water whitening in comparison with the
reference latex coating. This effect became more pro-
nounced with the increasing content of incorporated
bio-based derivatives of both types, where the latex
compositions with the bio-based derivative contents

(b)

100

80 1

60 -

W (%)

40

20+

04
REF  CO_5 CO_10 CO_15 CO_20 CO_25 CO_30

Figure 7 Water whitening of a LO-based and b CO-based coating films evaluated after 1 (green), 4 (red), and 24 (blue) i of water

exposure.
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of 25 and 30 wt% provided water whitening-resistant
coatings. Notably, the LO-based latexes (LO_25 and
LO_30) remained transparent to the eye throughout
the experiment for up to 24 h, which makes these
latexes promising materials for outdoor applications.
The explanation of the water whitening phenomenon
is usually related to the level of cross-linking of a poly-
mer latex film (the intensity of water whitening is usu-
ally inversely proportional to the cross-link density of
a latex polymer film; in other words, the more cross-
linked film, the smaller water clusters are formed [91,
92]). In this context, the water whitening of the stud-
ied coatings is in line with the results of gel content
indicating the level of cross-linking inside latex films
(Table 5).

In addition, the influence of the bio-based deriva-
tive content on the hardness and T, of coating films
was evaluated (Table 6). For both sets of latex coatings,
mildly increased hardness and T, values were deter-
mined in the case of incorporating 5 and 10 wt% of the
bio-based derivatives, whereas a gradual decrease of
these parameters appeared with a further increase in
the bio-based derivative content. This behavior seems
to show two opposing phenomena: a plasticizing effect
of flexible long fatty acid tails in the acrylic polymer
backbone, and a hardening effect of cross-linking due
to multi-acrylated bio-based ingredients originating
from polyunsaturated fatty acid fractions, the latter
effect prevailing at higher amounts of incorporated
bio-based derivatives. Examples of DSC curves for
several coating film representatives are shown in Sup-
plementary Material Figs. S8 — S12.

Conclusions

Camelina oil and linseed oil were chemically modi-
fied via transesterification, epoxidation, and sub-
sequent acrylation to obtain acrylated derivatives.
These compounds were copolymerized with stand-
ard petroleum-based acrylate monomers using the
semi-continuous emulsion polymerization to yield
two sets of film-forming polymer latexes differ-
ing in the bio-based derivative type and content
(5-30 wt% in the total monomer mixture). For both
types of bio-based derivatives, successful emulsion
polymerizations with conversions around 95% and
coagulum content under 2% were carried out up to
25 wt% of the bio-based derivative in the monomer
mixture. In the case of incorporating 30 wt% of the
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bio-based derivative, a decrease in monomer con-
version (below 90%) occurred. It was proved that
the incorporation of both types of chemically modi-
fied vegetable oils did not affect latex storage stabil-
ity and resulted in polymers of nanogel character
with ultra-high high molar mass (M,, exceeding
10® g mol™). This effect was attributed to the pres-
ence of multi-acrylated ingredients derived from
polyunsaturated fatty acids and became more pro-
nounced with the increasing bio-based derivative
content. The phenomenon of extensive branching
and cross-linking was more distinct in the set of pol-
ymers synthesized with the linseed oil-based deriva-
tive (as linseed oil is richer in linolenic acid). The
incorporation of the bio-based derivatives provided
enhanced water repellency (10° higher water con-
tact angle in comparison with a reference coating)
and a decreased susceptibility to water whitening
of latex coatings, where the latexes comprising the
linseed oil-based derivative in the content of 25 and
30 wt% provided water whitening-resistant coatings
that remained transparent to the eye throughout
24 h-lasting immersion in water. The aspect of sus-
tainability supported by the improved water resist-
ance of coatings makes these latexes suitable can-
didates for replacing traditional petroleum-based
products in the coating industry.
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