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ABSTRACT: Epoxy nanocomposites derived from linseed oil,
reinforced with graphene oxide (GO) and montmorillonite (MMT)
nanostructures, were synthesized. The nanohybrids were developed by
enriching the structure of MMT and GO with primary amines
through a common and simplified method, which implies physical
interactions promoted by ultrasonic processing energy. The influence
of the new nanoreinforcing agents along with neat ones on the overall
properties of the biobased epoxy materials for coating applications was
assessed. Interface formation through surface compatibility was
contained by the lower values of activation energy calculated from
differential scanning calorimetry (DSC) curves, along with a
consistent 70% increase in the cross-linking density when amine-
modified MMT was used. Thermomechanical characteristics of the
biobased epoxy nanocomposites were explained through the interaction of the functional groups over the curing process of
epoxidized linseed oil (ELO), giving a 15 °C higher T, value increase. Furthermore, the low surface energy values suggested an
intrinsic antibacterial activity, as proved by a significant decrease of CFU against Staphylococcus aureus bacterial strains on the 0.25%
reinforced coatings.

ELO
nanocomposites

1. INTRODUCTION is the most used plant oil, and it is mainly harvested within the
USA. Triglycerides from vegetable oils contain various fatty
acids, such as linoleic, linolenic, oleic, palmitic, and stearic acid.
These fatty acids have different chain lengths, compositions,
and distributions, as can be observed from Table 1."° By

Epoxy resins represent a significant class of thermosets with
large applicability in high-tech industries such as automotive,
aerospace, and electronics due to their superior mechanical
strength, good thermostability, and excellent adhesion to a

variety of substrates.' considering linseed and tung oil with the 18:3 ratio containing

The progressive evolution encountered in the technological fatty acids, studies showed a better rate 0f1 (f)xidation for the
field has enforced the development of new advanced polymeric conjugated a-eleostearic acid from tung oil, ” while the major
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composites through the incorporation of nanosized particles disadvantage is its wrinkle formation upon drying.” The
into the epoxy matrix to achieve improved performances.* polymer networks formed by this oil are rigid and brittle. On

Graphene oxide (GO) has generated a lot of interest owin the other hand, due to its favorable composition, linseed oil
to its superior thermal, electrical, and mechanical properties.” leads to epoxy networks with a higher tensile strength and
Moreover, the planar geometry decorated7 8With polar modulus compared with castor oil-based epoxies, while the
funFtlonalltles. and a high specific surface ar'ea’ make GO thermal properties of epoxy networks resulting from both
an ideal candidate for the development of high-performance castor and linseed oils were similar to conventional epoxy
nanocomposite materials through tailoring the polymer—filler resins.'®

adhesion by functionalization.” "'

The association of nanoclays with polymers to produce
nanocomposites is another method to tune the perform-
ance.'”"? Designed properties such as thermal stability and Revised:  December 30, 2023
mechanical properties can be considerably improved only by Accepted:  January 5, 2024
the inclusion of <5% weight nanoclays into the neat polymer."* Published:  February 9, 2024

Natural oils represent an abundant resource for this purpose
with tremendous potential as chemical feedstock. Soybean oil

Received: November 14, 2023

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c09059

v ACS Publications 8297 ACS Omega 2024, 9, 82978307


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ma%CC%86da%CC%86lina+Ioana+Necolau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bri%CC%82ndus%CC%A7a+Ba%CC%86la%CC%86nuca%CC%86"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adriana+Nicoleta+Frone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iulia+Nicoleta+Radu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Grat%CC%A7iela+Gra%CC%86dis%CC%A7teanu-Pi%CC%82rca%CC%86la%CC%86bioru"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Grat%CC%A7iela+Gra%CC%86dis%CC%A7teanu-Pi%CC%82rca%CC%86la%CC%86bioru"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Celina+Maria+Damian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c09059&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09059?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09059?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09059?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09059?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09059?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c09059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Fatty Acid Composition for Different Vegetable
Oils

fatty acid
vegetable linoleic linolenic oleic palmitic
oil (18:2) (18:3) (18:1) (16:0) other
linseed 17 S2 22 6 3
soybean S3 7 24 12 4
tung 6 3 8 2 81¢
castor 47 0.7 33 11 90.2"

“Mostly a-eleostearic acid (cis, trans, trans-triply conjugated). “Mostly
ricinoleic acid.

When structurally converted into polymeric compounds,
vegetable oils do not exhibit high rigidity and mechanical
properties that are required for structural applications.
Therefore, numerous studies have been reported along time
regarding the synthesis of green nanocomposites based on
vegetable oil epoxy networks derived from linseed,"’
soybean,20 tung,l and castor’”> oils and reinforced with
different nanostructures such as GO,”® multiwalled carbon
nanotubes (MWCNTs),”* polyhedral oligomeric silsesquiox-
anes (POSSs),” and nanoclays™ for applications in various
fields.

However, research on GO- and nanoclay-reinforced
epoxidized linseed oil is quite limited, and the influence of
these nanostructures needs to be comprehensively evaluated.
Hegde et al.”>’ synthesized nanocomposite coatings based on
epoxidized linseed oil reinforced with reduced graphene oxide
(rGO) for anticorrosive applications and observed that the
synthesized materials exhibited 99.98% efficiency against
corrosion of mild steel and also decreased the rate of corrosion
by 5000 times. Apart from that, rtGO nanofillers significantly
contributed to the thermal properties.

Herein, the present study proposes the development of
biodegradable epoxy nanocomposite materials in which the
influence of graphene oxide and montmorillonite as reinforcing
agents was analyzed in terms of thermal and mechanical
properties.

2. EXPERIMENTAL SECTION

2.1. Materials Used within This Study. The GO
structures were synthesized by our team through a modified
Hummers method and reported elsewhere. Methanol and
acetone were purchased from Sigma-Aldrich. Polyetheramine
Jeffamine D230 was kindly provided by Huntsman. Natural
sodium montmorillonite (MMT) Nanofil 116 with a cation
exchange capacity (CEC) of 116 mequiv/100 g of clay was
purchased from Southern Clay Products. The epoxidized
linseed oil (ELO) used in this study was greviously synthesized
and characterized by Balanuca et al.”® To cross-link the
biobased epoxy matrix, citric acid monohydrate (>99.5%) from
Alfa Aesar was used in the presence of anhydrous THF
(>99.9%, inhibitor-free) from Sigma-Aldrich.

2.2. Nanofillers. Nanofiller structures were modified
through functionalization with D230 polyetheramine by a
method described previously.” In short, GO layers were
exfoliated by using the ultrasonication energy from a tip
sonicator. For GD synthesis, an amount of 1 mg/mL
suspension of GO in ethanol was obtained, and then a 1%
solution of D230 in ethanol was added and then sonicated for
one more hour. The MMTD nanohybrids were synthesized
through an organophilization process by swelling in water at 80
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°C for 1 h, and then similar to GD, they were mixed with 1
mg/mL HCl-protonated D230 solution under sonication.

2.3. Nanocomposites. Nanocomposites were synthesized
following specific steps: the calculated ratio of nanofillers
(0.25, 0.5, and 1 wt %) was dispersed in the polymeric matrix
for 15 min by using a probe ultrasonicator with a frequency of
100 kHz and an amplitude of 40%. The cure reaction was done
by solubilizing a stoichiometric amount of citric acid
(considering the molar ratio of COOH and epoxy groups in
the epoxidized oil structure) in THF at 80 °C, followed by
addition to the ELO—nanofiller suspension. After slight gel
formation, for about 5 min at 80 °C, the reaction mixture was
placed in a Teflon mold and subjected to thermal curing for 3
hat 80 °C, 1 h at 100 °C, and 1 h at 150 °C. The composition
of each sample along with the abbreviations is presented in
Table 2.

Table 2. Biobased Epoxy Nanocomposite Sample
Composition and Abbreviations

sample ratio (%) abbreviation

ELO matrix ELO

ELO-GO 0.25 EG EG_0.25
0.5 EG 05
1 EG 1

ELO-GOD 0.25 EGD EGD_0.25
0.5 EGD_0.5
1 EGD_1

ELO-MMT 0.25 EM EM_0.25
0.5 EM 0.5
1 EM 1

ELO-MMTD 0.25 EMD EMD_0.25
0.5 EMD_0.5
1 EMD _1

2.4. Characterization. Differential scanning calorimetry
(DSC) curves were recorded on a Netzsch DSC 204 F1
Phoenix equipment. The measurements were conducted at
heating rates of 5, 10, 15, and 20 °C/min under a nitrogen
atmosphere (20 mL/min flow rate) from RT to 300 °C.

The apparent activation energy (E,) of the curing reaction
was computed with the aid of Kissinger’® (eq 1) and Ozawa®'
(eq 2) equations:

B AR E,
h|Z (== - =
T

2

b E. RL (1)
Inf = —10S2E,RT, + C 2)

where f is the heating rate (°C/min); T, is the maximum
temperature of the polymerization peak (PK); A is the pre-
exponential factor; R is the gas constant (R = 8.314 J/mol-K);
E, is the activation energy (kJ/mol); and C is a constant.

Thermogravimetric analysis (TGA) was performed using a
Netzsch TG 209 F1 Libra equipment, under a nitrogen and
synthetic air atmosphere from RT to 800 °C with a heating
rate of 10 °C/min.

Dynamic mechanical analysis (DMA) tests were conducted
on a TRITEC 2000 B equipment with a heating rate of 4 °C/
min in single cantilever bending mode at 1 Hz frequency in the
temperature range of —90 to 100 °C. Based on the DMA
results, the cross-linking density (v.) was calculated for each
studied system using the following equation:”

https://doi.org/10.1021/acsomega.3c09059
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v, = E'/3RT (3)
where E’ is the storage modulus in the rubbery region at T =
T, + 30 and T and R correspond to the absolute temperature
(K) and the ideal gas constant, respectively.

Contact angle (CA) measurements were conducted using
the drop shape analyzer-DSA100 from Kriiss Scientific GmbH
through a sessile drop method at room temperature using
water and ethylene glycol as the polar and nonpolar probing
liquids. Analysis was performed by deposition of a solvent
droplet with a volume of 2 L, which was maintained for 10 s
on the sample surface. The contact angle values were
determined using the Young—Laplace equation in Advance
software by registering 10 frames/s and representing the
average values for each sample. The determination of surface
free energies was calculated in the same software using the
Young—Dupré and Fowkes equations, which considered the
polar work of adhesion and the corresponding surface tensions
of the liquids used for analysis.

The contact angle was determined by using the Young—
Laplace fitting method equation in Advance software and it
represents the average of three measurements for each sample.

Samples were analyzed for the water absorption (WA)
degree following a procedure described in the ASTM DS70
standard; also, the method was performed in triplicate
determination for each ELO-based material for an accurate
result.

The fracture morphology of the nanocomposites was also
analyzed by scanning electron microscopy (SEM). The
samples were coated with a gold conductive layer by
sputtering, and further, the images were recorded using a
Quanta 200 environmental scanning electron microscope
(FEI-Philips) with a tungsten electron source, in low vacuum
mode, at an accelerating voltage of 30 kV.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. The raw GO and MMT
nanomaterials used as reinforcing agents in the epoxidized
linseed oil networks were extensively characterized from
structural and thermal points of view in our previous study.”
Thus, the crystallites were observed through XRD in order to
assess the interplanar distances from specific diffraction peaks,
giving a 3.6 nm value for GO-layered nanosheets. From the
Scherrer equation used to estimate the nanocrystallite size
using XRD data, the GO dimensions correspond to particles
which can contain between 6 and 7 sheets, while GOD
nanostructures are lower in dimensions up to S sheets.

By analyzing the Raman spectra represented in Figure 1, it
can be observed that the main characteristic peaks of graphene-
type nanostructures are present: the D band ascribed to the
electronic defects induced within the extended aromatic
feature, the G band given by the condensed graphite-type
aromatic structure, and the 2D band which arises from the
second-order two-phonon processes similar to the G band;
however, this one is more sensitive to the laser particularities.
There is valuable information which can be extracted from the
Raman spectra: on one hand, the intensity ratio for the main
characteristic bandsI,/I; whose value increases from 0.748 for
GO to 0.777 for GOD, revealing a defect induced by the
attachment of amine molecules to the GO structures. The
second data is disposed through the shifting of the G band
position from 1580 cm™' for GO to 1588 cm™' for GOD,
which shows a decrease in the number of graphene oxide layers
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Figure 1. Raman spectra for the graphene oxide structures.

in the GOD crystallites, as previously calculated from XRD
data. Although the shape of the 2D band could also give a hint
on the number of layers in GO nanostructures, according to
this feature, the GOD spectra shows graphite-like alure. These
data are not consistent with XRD and the G band position,
probably because of the sensitivity of the 2D band mentioned
above.

3.2. Curing Behavior of Biobased Networks. The
energy exchange monitored through the nonisothermal DSC
thermograms and the corresponding parameters given in Table
3 provides valuable information on the curing reaction

Table 3. Thermal Characteristics Calculated for the Cure
Reaction of ELO-Based Materials

ratio AH E, (kJ/mol), E, (kJ/mol),
sample (%) J/g) Toax Kissinger Ozawa
E 174.1 108.0 53.52 57.13
EG 0.25 193.8 117.2 63.29 66.53
0.5 149.3 116.6 68.55 71.52
1 151.6 116.1 80.07 82.44
EGD 0.25 234.6 104.6 47.66 51.51
0.5 193.5 111.2 50.20 54.03
1 218.7 108.7 47.98 51.84
EM 0.25 102.5 111.4 58.05 61.47
0.5 145.4 118.1 73.31 76.02
1 158.0 116.4 61.14 67.40
EMD 0.25 248.9 109.8 46.49 50.49
0.5 231.2 117.4 74.43 77.09
1 252.2 108.0 43.79 4791

mechanism of the ELO monomer in the presence of GO
and MMT. Analyzing the curves from Figure 2, one can
observe that there is a significant influence of the nano-
reinforcing agents over the curing profiles of the biobased
nanocomposites. Thus, in the first stage of thermal treatment,
the curing enthalpy showed higher values for EG_0.25
nanocomposites, while EM_0.25 determined a lower value,
possibly due to a hindrance effect induced by the morphology
of the layered clay. Analyzing the enthalpy for the EGD and
EMD samples, a significant increase in the evolved heat was

https://doi.org/10.1021/acsomega.3c09059
ACS Omega 2024, 9, 8297—-8307
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Figure 2. DSC profiles for ELO-based nanocomposite networks.
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observed, and it can be ascribed to the supplementary
interactions developed between the primary amine groups
grafted onto the nanoreinforcing agents after functionalization
with D230 and the polymeric matrix. In this case, a synergistic
influence of the nanohybrid material over the curing process
can be considered. The NH, groups from the nanostructures
will lead to epoxy ring opening prior to network formation,
which is translated as an increased AH, while the resulting OH
groups can interact by creating the ester-type network (in the
prepolymer/oligomers) with the curing agent.

The activation energy (E,) calculated for the analyzed
bioepoxy systems using Kissinger and Ozawa methods
represents a valuable parameter which defines the thermal
behavior of the complex nanocomposite systems. In this
context, the lower values of the E, for EMD_ 0.25 and
EGD_0.25 connected with the higher AH values highlight the
above-mentioned hypothesis. The compatibility between the
oil-based monomer and the reinforcing agent can be translated
into the E, value, knowing that higher values for this parameter
denotes a reduced interaction between the components of the
system.” Based on the E, values listed in Table 3 for EG and
EM systems, it can be seen that unfunctionalized GO and
MMT exert limited interactions with the ELO matrix. Thus, a
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general tendency of a higher temperature at which the reaction
rate has the maximum value (T,,) is noticed along with the
addition of GO and MMT. However, GD is acting like a
catalyst in accordance with the hypothesis by which NH, is
reacting in the first stage with the epoxy groups from ELO
structures; in this case, the additional amine functionalities
have a significant contribution over the curing process.

3.3. Thermomechanical Features of ELO Nanocom-
posites. The influence of the nanofillers over the viscoelastic
performances of biobased epoxy networks was evaluated
through dynamic mechanical analysis (DMA). The E’ values
at room temperature (25 °C), glass transition temperature
(Ty), and cross-linking density are collectively presented in
Table 3.

The overall viscoelastic response of the nanocomposites
resembles that of the conventional thermoset amorphous
polymers, displaying a drop in modulus in the proximity of the
glass transition due to the enhanced chain mobility generated
by this phase transition.

As can be observed from Figure 3 (the inset of tan §), the
glass transition of ELO samples takes place between 20 and 50
°C. Among the nanocomposite samples, only the ones with
MMT reinforcement present an early transition, probably due

https://doi.org/10.1021/acsomega.3c09059
ACS Omega 2024, 9, 8297—-8307
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Figure 3. Storage modulus and tan § curves obtained from DMA analysis for ELO-based nanocomposites.

to an incompatibility at the interface that leads to the reinforcing agents express the most notable tan 6 expanding,
agglomeration of the nanoclay that will further hinder the which is in accordance with the DSC data.

curing agent to reach the reactive sites at a higher When looking at the CD values presented in Table 4, we can
concentration, thus resulting in an excess of triglyceride conclude that at a lower concentration of nanostructures
unbonded into the matrix, which will act as an internal (0.25%), the overall values for the corresponding nano-
plasticizer. However, 0.25% MMT showed an increased cross- composites are higher as compared with those of the neat
linking density than the ELO matrix, which means that at a low ELO matrix, except for the EGD nanocomposite. This is

concentration, it is possible for the cross-linking process to take

place more efliciently despite the incompatibility of the

components. Table 4. Thermomechanical Parameters of ELO-Based
The incorporation of 0.25 and 0.5% GO and GOD Materials Obtained from the DMA Tests

significantly improved the T, and the E’ value of the ELO

composite, mostly in the viscoelastic and rubbery regions,

contrary to the hypothesis that the NH, groups will be

ratio E" at 25 °C s cross-linking density

having values between 1900 and 3300 MPaat 25°C, an sample (%) (MPa) (deg) (mol/cm?)
increment of 2-fold as compared to the matrix. These values E 1327.1 38.5 3089
highlight the good reinforcing capacity of the carbonaceous EG 0.25 2671.9 58.5 4677
structures along with a good interaction between them and the 0.5 2394.1 55.8 1891
polymeric matrix.”**> 1 12319 52.1 1206

The tand curve width is an indicator for the structural EGD 02§ 23184 49.4 1370
homogeneity within the epoxy networks, while the intensity of 0.5 3304.1 3.5 1274
the loss factor peak conveys the chain segment mobility of a 1 1952.4 44.6 2066
polymer network at relaxation temperature. This peak EM 0.25 3172 28.8 3725
widening shows that the glass transition of nanocomposites 0.5 147.2 26.6 2435
takes place over a wide range of temperature, as similar data 1 4447 350 1858
was also reported in the case of CNT addition to the ELO/ EMD 025 825.6 328 5278
PANIS matrix” or in the case of polyamide-6/HNT 0.5 2730.8 454 1169
samples.”® The nanocomposite samples with MMT-based 1 S 313 3691
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Figure 4. Thermal behavior of ELO and ELO nanocomposites based on (a) GO, (b) GOD, (c) MMT, and (d) MMTD.

Table 5. Thermal Data for the ELO Networks and the Resulting Nanocomposites in Inert and Oxidative Medium

residual mass (%) residual mass (%) air

Tnay (deg) air

sample report (%) T30 (deg) T30 (deg) air Tnax (deg)
E 290.3 401.7
EG 0.25 206.6 201.6 402.4
0.5 194.1 195.0 401.5
1 218.1 199.2 397.5
EGD 0.25 203.8 187.1 396.0
0.5 1922 182.5 396.0
1 166.2 192.8 403.0
EM 0.25 160.8 178.8 397.5
0.5 154.7 178.1 393.6
1 163.0 195.9 396.5
EMD 0.25 164.7 174.6 394.3
0.5 171.1 171.1 400.6
1 161.5 161.5 398.9

3.07

402.4 522.5 1.62 1.60
399.2 540.1 1.52 0.91
403.1 535.2 3.15 2.16
271.0 415.0 533.0 113 0.67
277.1 414.5 538.3 1.26 0.81
274.3 411.5 509.0 0.90 1.08

419.3 536.0 0.99 133
377.3 413.7 526.6 1.76 1.18
376.9 414.4 520.2 2.41 2.47
405.1 S531.3 122 0.90
400.6 1.42 1.42
400.7 0.95 0.95

involved in the epoxy ring opening, thus increasing the cross-
linking density. This means that there may be some concurrent
reactions between the functional groups present on the basal
plane of GO. On one hand, OH groups from unfunctionalized
GO can enhance the CD through interactions with COOH
groups from citric acid to provide more active H that will
further enhance the curing reaction yield. On the other hand,
although NH, groups are involved in epoxy network formation
at lower concentrations, as can be seen from the T, and E,
values from Table 3, the CD values are much lower in this case,
which can be explained by the hindering effect of the large GD
structures over AC mobility during the curing reaction. This
phenomenon may be due to the fact that the physical
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properties of the polymer adjacent to the nanofiller are varying
from the ones of the matrix, also suggesting a high interfacial
area between the two components of the nanomaterial.”’
3.4. Thermal Stability of the ELO Nanocomposite
Materials. Thermostability and degradation profiles of the
biobased epoxy nanocomposites were investigated by TGA
under a nitrogen atmosphere, and the resulting thermograms
are depicted in Figure 4. The onset of thermal degradation was
considered the temperature at 3% of mass loss (T43). The
thermal degradation process mainly demonstrates a single
mass-loss stage between 300 and 500 °C, corresponding to the
cleavage of the ELO chains. The nanocomposite materials
disclose an additional degradation step that occurs between

https://doi.org/10.1021/acsomega.3c09059
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150 and 300 °C that may be assigned to the presence of
multiple oxygenated functionalities or atoms on both types of
nanoreinforcing agents, namely, GO structures and MMT clay.

Considering the significant decrease of T3, values, as shown
in Table S, the influence comes from the interphase epoxy
network (defined as the volume of the matrix which interacts
with the surface of the nanoreinforcing agents). This is done
through functional groups as well as the contact surface
area.”* When looking at the mass loss of nanocomposite
samples at 290 °C, which is the onset degradation of the
matrix, the obtained values can be connected to the presence
of oxygen-containing groups from GO and MMT, which can
generate more initial degradation active centers, leading to
lower onset values for thermal alteration of the nano-
composites. This theory is also supported by the lower char
yield values registered for the nanocomposite materials.

This aspect demonstrates that the nanoparticles dispersed
through the macromolecular biobased epoxy chains can modify
the degradation mechanism of the network, as the epoxy
interphase is highly affected by the reciprocal action promoted
by the functionalities from the nanoreinforcing agents.
Although the nanoreinforcing agents are influencing the
topochemistry of the networks through their surface functional
groups, they are not altering the overall thermal performance,
as can be observed in the inset curves of DTG. Moreover, this
aspect is cleared by nanocomposite analysis in an oxidative
atmosphere, which shows a supplementary degradation step at
lower temperatures assigned to the interphase decomposition
mostly visible for the EGD and EM samples (TGA and DTG
curves are supplied as Figures S1 and S2), and one step at
higher temperatures that is coming from the final cyclization
and aromatization of the char.

However, the char residual mass of the EG and EGM
nanocomposites at 600 °C underwent a slight increase in the
case of 1% nanocomposites. Such an effect could be attributed
to the formation of a thermally stable protective layer that
prevented the decomposition of the polymeric matrix under-
neath it. This mechanism was also reported by Mendes et al.
for an AESO-based system reinforced with 0.5 wt % acr-RGO,
which obtained an increased char yield from 1.2 wt % at 600
°C to 3.5 wt % for added 1% acr-RGO;* in our case, the
functionalities are more numerous, considering the starting
GO respectively MMT, and thus a slight increase is observed.

3.5. Surface Characteristics. Contact angle (CA)
measurement is an important aspect to characterize biobased
materials for coating applications, in terms of wettability,
surface free energy, or adhesion to different substrates to
achieve a complete perspective for the envisaged industry.

The data resulted from contact angle measurements (Table
6) were used to assess the wettability of both the plain
biobased epoxy matrix (E) and GO of MMT-based nano-
composite coatings. The results of neat biobased epoxy
coatings with a CA of 94° indicate that they are more
hydrophobic than conventional epoxy networks, which have a
CA around 74° according to literature data*' due to the
triglyceride backbone of ELO. However, the nanocomposite
coatings possess lower CA values, generated on one hand by
the OH functionalities from epoxy ring opening in the curing
reaction, and by the functional groups from the nano-
reinforcing agents on the other hand. Despite this aspect, the
compatibility with the matrix for the reinforcing agents can be
given by the closest value of water CA to the one presented by
the ELO matrix (as highlighted by bold values in Table 6).
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Table 6. Contact Angle and Antibacterial Activity Data for
the ELO-Based Nanocomposites

report  CA (deg) CA surface free energy
sample %) water (deg) EG (Nm/m) CFU/mL
E 94.25 67.49 29.50 3 % 10°
EG 0.25 92.81 73.12 20.80 1x 108
0.5 87.64 65.67 24.88
1 87.10 67.81 22.84
EGD 0.25 75.14 56.89 29.12 2 x 10®
0.5 93.66 71.04 23.70
1 91.37 68.67 24.45
EM 0.25 89.27 69.02 22.67 5% 10°
0.5 92.13 67.35 26.89
1 89.1§ 64.68 27.27
EMD 0.25 84.39 70.82 21.99 4% 107
0.5 88.95 66.73 24.67
1 93.63 68.75 26.73

Furthermore, the chemical composition of the polymeric
nanocomposites plays an important role in the surface energy
values measured on the exposed surface but with high
importance to adhesion to different substrates. A lower surface
energy given by the good dispersion and increased surface
roughness caused by embedding of the GO and MMT
nanofillers into the polymeric matrix will enable a broader
application toward designing an intelligent surface adhesion
management system. In the case of nanocomposites reinforced
with MMT structures, one can observe that this parameter
increases proportionally with the concentration of the filler. By
addition of 1% nanoclay, surface free energy is similar to the
one recorded for the ELO matrix, suggesting a lower
interaction between the two components of the system, as
also proven by the DMA results.

It is well known that materials with surface free energy
around 20 Nm/m are compatible with hydrophobic substrates
such as Teflon;* this aspect encourages a widening of the
perspectives for different antibacterial applications of the
developed materials. Based on this hypothesis, the intrinsic
antimicrobial activity of 0.25% ELO-based nanocomposites
was evaluated and the results are compiled in Table 6. The
antibacterial activity of the GO, GOD, MMT, and MMTD
nanostructures was tested against Staphylococcus aureus
bacterial strains, and the results suggest a significant decrease
of CFU on the coatings. A 2 magnitude order lower CFU for
MMT demonstrated that it can act as a biocide, without
additional expensive and toxic antimicrobial agents such as
fluoride™ and polyhexamethylene guanidine molybdate™ and
metal nanoparticles*® such as copper*® or silver."’

3.6. Swelling Degree (SD). For a deeper understanding of
the ELO-based networks, a series of SD monitoring in
common epoxy usage media was carried out, and the
corresponding results can be observed in Figure S. In most
cases, the stronger the cross-linked networks, the lower the SD
should be obtained. This fact is appliable in the case of water
uptake when the cross-linking density variations are well
correlated with the SD values as the nanocomposites
reinforced with GO structures have a higher average uptake.
Nevertheless, these values are still lower than the cured matrix
because of the physical interactions and steric hindrance
exerted by the GO sheets. However, in this study, we showed
that complex interactions between functional groups of the
nanoreinforcing agents could lead to a disruption in linear
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60 to an agglomerated reinforcing agent, which further disrupts
= XIV:Ct:Tr epoxy network formation. ' . o

50 | HEMH,SO, 3.7. Morphology and Dispersion E§t|mat|on. The
fracture morphology for the nanocomposite systems was
evaluated through SEM and the corresponding images are
40 presented in Figure 6. The difference between the morphology
e of the graphene oxide flakes and stacked layers of nanoclay
530 leads to a contrast in the surface contact between the two
g phases and subsequently leads to a better transfer of structural
O and thermomechanical properties. To gain a better under-
standing of the influence exerted by these nanostructures, 1%
0 formulations were analyzed. A homogeneous distribution of

Figure 5. Swelling degrees for biobased ELO nanocomposites in
different media.

behavior. When the SD was measured in NaCl solution, the
electrostatic forces generated by functional groups exerted a
larger influence on the uptake values, thus giving information
about surface and edge exposure also. A maximum NaCl
uptake of 52% was noticed for 1% GO composites, which can
be assigned to a plateau level of GO sheet distribution, leading

the nanoparticles within the epoxy network strongly influences
the overall performance of the coatings both as thermal
characteristics and wearability.****

Looking at the surface fracture of the neat GO- and MMT-
based nanocomposites, it can be seen that a similar roughness
is obtained. This demonstrated that the rigid nanostructures
have a lower compatibility with ELO in comparison to the
functionalized ones. The additional amino functionalities
participate in the curing process by developing efficient
network interactions that translate into a smooth homoge-
neous fracture, as also highlighted by the curing enthalpy data.
Furthermore, the previous statement is sustained by the
embedded reinforcing agents pointed out in Figure 6, EGD_1

and EMD _1.

Figure 6.
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50.0um

SEM micrographs of neat ELO and ELO-based nanocomposites with 1% nanoreinforcing agent.
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4. CONCLUSIONS

Sustainable epoxy networks were designed with improved
thermal and mechanical properties, intended for coating
applications. A complex calorimetric study, which combined
the analysis of MMT and GO nanoreinforcing agents on the
curing enthalpy, along with the cure rate given by the
topochemistry enhanced by their functional groups, led to
valuable findings regarding the efficient formation of ELO
networks with lower E, values and higher cross-linking
densities.

The type and concentration of each nanoreinforcing agent
such as GO and MMT used for the development of the
nanocomposite materials have a significant influence upon the
overall properties. The presence of the additional amino
groups in the functionalized nanostructures facilitates the
epoxy ring opening reactions along with the formation of ester
bonds, thus generating increased values for the curing
enthalpy. The lower values for the E, computed for the curing
reaction of the EGD and EGM nanocomposites correlate with
the DSC results, thus suggesting a synergistic effect of the
nanohybrid structures over the curing process.

In the case of the viscoelastic properties of the MMT
nanocomposites, the decreased values for the T, represent a
consequence of the agglomeration of the nanoclay. GO and
GOD demonstrate an increased compatibility with the
polymeric matrix, as suggested by the higher values for the
T, and E".

The thermal properties of the nanocomposite materials were
altered by the presence of the reinforcing agents, as suggested
by the char yield and the onset of thermal degradation (T ys,).
The degradation mechanism may be influenced by the
additional interactions between the ELO matrix and the
surface of the nanohybrid structures.

Surface properties revealed that the nanocomposite
materials are less hydrophobic than the neat ELO matrix
mainly due to the presence of polar OH groups formed during
the epoxy ring opening reaction and the nanoreinforcing
agents. The surface free energy is strongly influenced by the
morphology and distribution of the filler within the matrix and
also suggests promising potential for further applications in
antibacterial coatings. The results of the swelling degree
analysis demonstrate a complex interaction between the ELO
matrix and the functional groups of the nanohybrid structures;
thus, the expected linear behavior is strongly affected by
possible electrostatic interactions in the case of NaCl solution.
Fracture morphology reveals that neat GO and MMT have a
lower compatibility with the polymeric matrix, while function-
alized nanoreinforcing agents lead to a smoother and more
homogeneous fracture surface.
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Thermal stability curves for ELO-based nanocomposites
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