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The higher chemical sensitivity of aramid fibers, compared to carbon or glass fibers, adds to the challenge of
designing recyclable aramid fiber reinforced polymer composites. Our study sheds some light on this
endeavor through a surface functionalization approach. Twaron® aramid fibers were surface modified by
self-polymerization of dopamine followed by the condensation of a silane coupling agent, bearing an
epoxy group (PDA-Si). Thanks to the mild modification process, the fibers retained their thermal and
mechanical properties. At the same time, the functionalization enhanced the adhesion strength between
the meshes and a partially bio-based epoxy thermoset, which was demonstrated by a peeling adhesion
test and lap-shear bonding test. Chemical recycling of the epoxy thermoset and epoxy composites
reinforced with PDA-Si aramid meshes was achieved by mild solvolysis in ethylene glycol. The recycled
thermoset was rich in hydroxyl groups, which promoted the adhesion with PDA-Si meshes. Furthermore,
high-quality PDA-Si aramid meshes were recovered after the chemical recycling. The recovered meshes
showed 82% removal of the thermoset matrix and the retention of the surface functionalization as
suggested by thermogravimetric and spectroscopic analyses, respectively. This enabled 78% recovery of
the initial interface strength between the recycled PDA-Si meshes and virgin thermoset matrix. This
unveils the role of surface functionalization not only as a performance enhancer but also as a useful aid

Received 28th July 2023
Accepted 19th September 2023

DOI: 10.1039/d3su00258f

rsc.li/rscsus in the development of circular FRPCs.

Sustainability spotlight

The demand for fiber reinforced polymer composites (FRPCs) keeps increasing due to the beneficial balance between light weight and high performance.
However, the strategies to recycle these materials after use lack behind. Here we developed a fiber surface functionalization technique that serves as a bridge
between both tasks; it promotes a strong interface between the fibre and matrix to achieve durable and high-performance products and at the same time, it
facilitates the chemical recyclability after use. The work thereby aligns with UN Sustainable Development Goals, especially Goal 9 “Industry, innovation and
infrastructure”, through the design of quality and resilient products and encompasses Goal 12 “Responsible consumption and production”, by preventing and
reducing waste through an improved recycling approach, which promotes circularity.

this, the urge for sustainable solutions for fiber reinforced
polymer composites (FRPCs) is pressing.

FRPCs are composed of high-performance fibers such as
carbon fibers, glass fibers or aramid fibers which can be

1 Introduction

Modern society, as we know it, cannot be conceived without
plastics. However, the negative impact that they can impose on

the environment is undeniable and more sustainable alterna-
tives are needed to maintain our quality of life, without further
endangering our environment. An increase in the durability of
the material and design for circularity are crucial.' In light of
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embedded in thermoplastic or thermoset polymer matrixes.
When it comes to highly demanding applications, thermoset
polymer matrixes such as epoxy resins or elastomers are
undoubtedly an attractive option, because of their unparallel
mechanical strength and thermal and chemical stability. FRPCs
have long benefited from different fiber functionalization
techniques such as surface etching,>* RFL coating,** plasma
treatments**® and adhesion activated systems®® to enhance the
performance of the composite products.

The self-polymerization of dopamine has been reported as
a new functionalization methodology, which has been applied
on carbon fibers,'*** glass fibers'? and aramids.”®*® Addition-
ally, the active functional groups of polydopamine have been
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used for further functionalization steps (Fig. S1}).” For
example, the hydroxyl groups from the catechol structure can
participate in the condensation with silane coupling agents
bearing amine moieties*® and epoxy groups.*® This methodology
has proved to be mild and has resulted in an increase in the
interface strength between the fibers and commercial epoxy
resins,"®?* which can contribute to materials with increased
performance and durability.

Thermoset FRPCs have a highly crosslinked structure con-
taining strong covalent bonds that cannot be melted or dis-
solved making it difficult to design recycling strategies and to
recover other than low value products.”*** Current strategies
consist of incineration and shredding; however, these meth-
odologies are not sustainable enough as they unavoidably lead
to downgrading the value of the material." In contrast, certain
chemical recycling methods can offer the possibility to recover
high-value fibers. This has been implemented with the help of
super/sub-critical ~fluids, molten salts, electrochemical
processes or matrix digestion in strong oxidant or acidic envi-
ronments.”?® Yet, these techniques typically lead to degrada-
tion of the thermoset matrix preventing its reuse.

Chemical recycling through mild solvolysis has proven to be
a suitable alternative to recover both components. It has been
shown that the incorporation of labile cross-linking points into
the thermoset matrix enables the application of chemical
recycling under relatively mild conditions. For example, ester
bonds in epoxy thermoset matrixes have been successfully
reversed through acidic and basic hydrolysis,*”** aminolysis*
and alcoholysis through transesterification exchange
reactions.”**** This concept has been applied mainly to carbon
fiber®*?*323337 and glass fiber*® epoxy composites. Presumably
due to the higher chemical sensitivity of aramid, the reports on
chemical recycling of aramid fiber composites through such
methods are scarce. A pioneering study proved that it is possible
to recover aramid fibers from a cross-linked network based on
amide bonds.** The composite was successfully recycled by
triggering Diels-Alder reactions.

High-performance composites usually require treatment of
reinforcing fibers with sizing or with specific surface function-
alization in order to enhance the adhesion strength for the
required properties. However, the role of surface functionali-
zation in the chemical recycling of FRPCs has been largely
overlooked. In a recent example, formic acid digestion of
a carbon fiber reinforced epoxy composite led to the loss of the
fiber sizing, which was then related to a slight loss of proper-
ties.** Addressing the role of the fiber functionalization in the
development of future chemical recycling methodologies is
therefore of high importance.

Our work dives into two of the main sustainability challenges
encountered for aramid reinforced epoxy composites, namely
an increase in the lifespan of the material and better recycling
strategies. We believe that fiber surface functionalization can be
a key to avoid early composite failure such as debonding and
delamination and at the same time it can be beneficial in the
chemical recycling process of aramid composites. We envision
that proper fiber functionalization can improve the quality of
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the recovered fibers and promote circularity. Therefore, we
surface functionalized Twaron® aramid fibers with polydop-
amine, followed by the condensation of a silane coupling agent
bearing an epoxy group. Thereafter, the interface strength
between the obtained fibers and an epoxy thermoset cured with
citric acid (TVx) was assessed. The formation of an ester based
network enabled chemical recyclability through hydrolysis and
mild solvolysis by transesterification exchange reactions.***"*
The recovered thermoset polymer matrix (TRx) and functional-
ized aramid meshes (r-PDA-Si) were spectroscopically, micro-
scopically and thermally characterized and the possibility to
reuse the recovered components in similar applications was
further evaluated.

2 Experimental
2.1 Materials

Unmodified (UA) Twaron® parg-aramid fibers of 12 um diam-
eter were kindly supplied by Teijin Aramid B.V. in two different
forms: aramid yarns of 1680 decitex (dtex) and aramid meshes
with dimensions of 50 cm length, 15 cm width and a thickness
of around 0.67 mm. The meshes were treated with a spin finish
based on a fatty acid ester, required to facilitate the weaving
process, washed with water and laser-cut at Teijin before
delivery. The yarns were specially produced without spin finish
for this project.

Dopamine hydrochloride (=99.8%), tris(hydroxymethyl)
amino methane (TRIS) (=99.8%), and the silane coupling agent
(3-glycidyloxypropyl)trimethoxysilane (98%) were all purchased
from Sigma-Aldrich, Sweden. Ethanol (technical grade 99.98%)
was purchased from VWR, Sweden and used in a water mixture to
wash the fibers. Thermosets and composites were prepared with
the epoxy resin trimethylolpropane triglycidyl ether (technical
grade with an epoxy equivalent of 140 g per equivalent) and citric
acid (=99.5%) as the curing agent, which were purchased from
Sigma-Aldrich, Sweden. The reagents to evaluate the chemical
recycling consisted of HCl (37% vol) and ethylene glycol
(=99.8%), purchased from Sigma-Aldrich, Sweden; zinc acetate
dihydrate (=99.99%) and NaOH (=97%) purchased from VWR,
Sweden. All chemicals and solvents were used without further
purification.

2.2 Aramid functionalization and Soxhlet extraction

Surface functionalization was performed on aramid yarns and
aramid meshes. Single filaments from the yarns were used to
properly evaluate the fiber topography and the impact of the
surface functionalization on the mechanical and thermal
properties. The meshes were spectroscopically characterized
and used for composite preparation, adhesion strength char-
acterization and chemical recycling.

Before functionalization, the unmodified aramid yarns (UA)
were rinsed with a cleaning solution of a 50/50 v/v mixture of
water and ethanol to eliminate impurities. The fiber meshes
were cut into squared pieces of 10 cm x 10 cm and submerged
in this cleaning solution at 60 °C for 2 h to clean any possible
remnants of the finish.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The first functionalization step consisted of the self-
polymerization of dopamine and was adapted from previously
reported methods.’®'” In short, unmodified aramid (UA) yarns
or meshes were immersed in 150 mL of a dopamine hydro-
chloride solution with a concentration of 2 g " and a pH of 8.5
stabilized with TRIS buffer. The yarns/meshes were left in the
solution for 24 h at room temperature. Thereafter the func-
tionalized material was washed several times with water until
neutral pH was achieved and the cleaning water remained
colorless. In the second step, polydopamine (PDA) coated yarns/
meshes were immersed in 150 mL of an aqueous solution of the
silane coupling agent at a concentration of 2 wt%. (i) The yarns/
meshes (PDA-Si) were left in the solution for 6 h at 60 °C, rinsed
with water/ethanol cleaning solution and dried under vacuum
at room temperature for at least 72 h. To evaluate the stability of
the functionalized layers, an extraction procedure was con-
ducted. For that aim, one meter of functionalized yarns was
subjected to Soxhlet extraction in ethanol for 24 h.}

2.3 Thermoset and composite preparation

The virgin thermoset (TVx) and composites with virgin
unmodified and functionalized aramid meshes were prepared
by dissolving 4.47 g of citric acid in 3 mL of distilled water at
60 °C. Thereafter, 10 g of trimethylolpropane triglycidyl ether
was added and a blurry mixture was obtained. The reaction
mixture was kept under stirring at 60 °C until a translucid
viscous mixture was formed. Thereafter, the mixture was
poured into a squared aluminum mold of 8 cm x 8 cm, which
was previously covered with a Teflon film of 0.1 mm thickness to
facilitate demolding. Composite pre-pregs were prepared with
meshes of virgin unmodified aramid (v-UA), polydopamine
coated aramid (v-PDA) and polydopamine-silane functionalized
(v-PDA Si), and the meshes were submerged in a mold with
dimensions of 5 cm x 10 cm containing 6 g of the described
resin mixture. The virgin thermoset (TVx) and virgin composites
(v-UA, v-PDA and v-PDA-Si) were thereafter pre-cured in an oven
at 80 °C for 2 h followed by 24 h at 110 °C. As a subsequent step,
two pieces of the pre-cured material were placed on top of each
other in a mold with dimensions of 7 cm x 6 cm x 1.3 cm as
shown in Fig. S2gt and hot pressed at 180 °C and 250 kN for 1 h
in a TP 400 instrument from Fontune Presses. This led to the
obtention of bi-layered composites for further characterization
and evaluation.

2.4 Chemical recycling

Three chemical recycling methods were evaluated. Acid hydro-
lysis was assessed by submerging 10 g of cured virgin thermoset
(TVx) in 100 mL of a solution of 1 M HCI. The solution was left
under mild stirring at 60 °C for 24 h. Basic hydrolysis was
applied on the cured TVx and the cured PDA-Si composite by
submerging 10 g of TVx or PDA-Sicomposite in 100 mL of a 1 M
NaOH solution for 30 min at 80 °C. A mild solvolysis to trigger

1 Detailed description of experimental methods (SEM, SEM-EDS, AFM, XPS, FTIR,
TGA, DSC, NMR, SEC, lap shear tests, single fiber tensile tests, and peeling tests)
and further details concerning sample preparation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transesterification exchange reactions was evaluated on the TVx
thermoset and UAcomposites PDAcomposite Ad PDA-Sicomposite: FOT
that aim, a 10 g piece of TVx or the respective composite was
introduced into 100 mL of ethylene glycol containing 100 mg of
zinc acetate. The reaction mixture was left overnight under mild
agitation at 180 °C.

The specimens discussed in the subsequent sections are
abbreviated as follows:

Virgin meshes with virgin thermosets:

v-UA_TVX, v-PDA_TVX, and v-PDA-Si_TVx

Virgin meshes with recycled thermosets:

v-UA_TRX, v-PDA_TRY, and v-PDA-Si_TRx

Recycled meshes with virgin thermosets:

r-UA_TVX, r-PDA_TVX, and r-PDA-Si_TVx

3 Results and discussion

Surface functionalization of aramid meshes was developed to
facilitate chemical recyclability and to simultaneously improve
the interfacial strength between the aramid mesh and epoxy
thermoset matrix before and after chemical recycling.

3.1 Fiber functionalization

To functionalize aramid fibers, the aramid surface was first
activated by the self-polymerization of dopamine. This resulted
in a clear change in color from yellow to dark brown (Fig. 1a). As
a next step, catechol groups in polydopamine (PDA) were
utilized to enable the condensation reaction of a silane coupling
agent bearing an epoxy group*® (PDA-Si) with no further change
in color during this reaction step.

3.2 Spectroscopic characterization of functionalized fibers

The chemical composition of the functionalized layers was
ascertained by ATR-FTIR, SEM-EDS and XPS. The characteristic
bands associated with the structure of p-phenylene tereph-
thalamide (3310 cm ™" N-H stretching; 1635 cm™~' C=0 amide I
stretching; 1538 cm™ ' and 1515 cm ™" N-H bending vibrations)
are clearly observed in the acquired spectra of virgin UA
(Fig. 2a). The polydopamine coating (v-PDA) caused a broader
band around 3305 cm ™' and a shoulder around 1216 cm™*
associated with the O-H stretching vibrations of the catechol
units in PDA. The clear shoulder observed at 1612 cm ™" can be
associated with the conjugated carbonyl groups from the
quinone structure. The bands associated with N-H bending
vibrations presented a shift towards lower wavenumbers, and
additionally a broad shoulder at 1473 cm ™" and 1403 cm ™' was
observed and assigned to the amine and imine groups in PDA.
In agreement with previous studies,'® the epoxy functionaliza-
tion (v-PDA-Si) resulted in the appearance of new bands asso-
ciated with the structure of the silane coupling agent. In short,
the C-H stretching vibrations from the aliphatic structure were
observed at 2923 cm ™" and 2871 cm ™. Additionally, the bands
at 1201 cm™ ' and 1059 cm ™! can be assigned to Si-O and Si-O-
C stretching vibrations, respectively. Furthermore, the presence
of the epoxy functionality was suggested by the shoulder at

RSC Sustainability, 2023, 1, 1967-1981 | 1969
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a) Self polymerization of dopamine on aramid

24 hours
Room temperature

b) Condensation of silane coupling agent
on hydroxyl groups of polydopamine.

Polydopamine coatedx';
(PDA)

Hydrolysis
—
60 °C
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Polydopamine coated :
C (PDA)

.

Polymerization
Self-Adhesion

Polydopamine silane
(PDA-Si)

Fig.1 The experimental setup followed to functionalize unmodified aramid fibers and meshes in two steps. (a) Self polymerization of dopamine.

(b) Condensation of a silane coupling agent.

1251 ecm ™' corresponding to the C-O stretches and at 911 cm ™"

assigned to the epoxy ring vibrations.

The presence of the silanized layer was further ascertained
by SEM-EDS and XPS, which revealed a 5-fold increase in the
concentration of silicon atoms on the surface of v-PDA-Si
meshes when compared to v-UA and v-PDA (Fig. 2b). The
slight presence of silicon detected on v-UA and v-PDA can be
explained by contamination from high-vacuum silicon grease.

The atomic percentages of detected elements were quanti-
fied using both techniques and compared with the theoretical
values, Table 1. It should be emphasized that XPS provides
information of the composition at the outermost surface (5 10
nm), whereas EDS reflects the composition with pm-depth
resolution. The analysis of the atomic percentage of unmodi-
fied aramid (v-UA) showed a higher amount of oxygen and
a lower amount of nitrogen than expected, which can be

1970 | RSC Sustainability, 2023, 1, 1967-1981

explained by the presence of some remnants of the standard
finish and the possible contamination from adventitious
carbon species from ambient air. The atomic ratios of the
aramid fibers treated with polydopamine (v-PDA) are in close
agreement with the expected values calculated from the re-
ported structure of polydopamine, and the slightly higher
oxygen content can be explained by the possible formation of
carboxylic structures as reported in other studies (Fig. S1bt).*>™*

The theoretical atomic percentage of v-PDA-Si was calculated
considering that the quinone moiety of polydopamine cannot
condensate with the silanol units of the coupling agent.
Therefore, the presence of polydopamine is expected to have
a slight influence on the detected atomic percentage. In line
with the above, v-PDA-Si meshes exhibited a considerable drop
in the concentration of nitrogen and a significant increase in
the atomic percentage of oxygen. This observation is the result

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Spectroscopic characterization of virgin aramid meshes of unmodified aramid (v-UA), polydopamine coated (PDA) and polydopamine
silane functionalized (PDA-Si). (a) Acquired ATR FTIR spectra. (b) SEM-EDS mapping image of PDA-Si meshes and Si/C ratios determined by

means of EDS and XPS measurements on the virgin meshes.

Table 1 Atomic percentages of elements detected and quantified by
means of XPS (outermost surface composition — top 5-10 nm) and
SEM-EDS (bulk composition — sub-pm information), compared
against theoretical values®

C o) N Si cl Ca
v-UAyps 75.4 16.9 6.3 1.6 — —
v-UAgps 75.4 13.1 11.3 0.2
v-UAgheor 77.8 11.1 11.1 — — —
V-PDAyps 71.7 19.2 71 1.6 0.4 —
v-PDAgps 75.2 16.2 8.5 0.1 — —
V-PDArheor 72.7 18.2 9.1 — — —
v-PDA-Sixps 64.2 27.8 0.5 7.2 — 0.3
v-PDA-Sigpg 64.6 25.5 4.3 5.5 — —
v-PDA-Sitheor 54.3 35.7 1.4 8.6 — —

% XPS and EDS refer to experimental values, Theor. refers to theoretical
atomic percentage values. Complete analysis of the atomic percentages
and deconvoluted curves of UA and PDA meshes is presented in the ESI.

of the chemical structure of the coupling agent, which is rich in
oxygen and silicon, but contains no nitrogen. Therefore, some
of the nitrogen signals from the underneath layers of PDA and
aramid are covered. This tendency is also reflected in the higher
O/C and Si/C atomic ratios reported in Table S1.

The analysis of the deconvoluted curves from the C 1s
spectra of v-UA (Fig. 3a) conforms with the expected structure of

© 2023 The Author(s). Published by the Royal Society of Chemistry

the p-phenylene amide by the presence of characteristic signals
described in previous studies>®*'****” (O 1s, N 1s and Si 2p
curves are displayed in Fig. S3t). The analysis of the deconvo-
luted curves of the C 1s spectra (Fig. 3b) and N 1s and O 1s in
Fig. S47 further suggests that the structure of the coating in v-
PDA contains carboxylic units and "NHj; species. On the other
hand, the analysis of v-PDA-Si spectra indicates the presence of
a silanized layer. The C 1s spectra (Fig. 3c) showed an increased
intensity in the C-O and C-O-C signals at 286.3 eV and
286.8 eV, respectively, which can be ascribed to the functional
groups in the structure of the silane coupling agent and
suggests the presence of epoxy groups. Additionally, the O 1s
and Si 2p spectra in Fig. 3e and f, respectively, showed the
presence of signals at 533.5 eV and 103.1 eV which can be
associated with the formation of O-Si-O bonds characteristic of
the condensation of the silane coupling agent.

3.3 Fiber topography

Fiber topography is a relevant surface feature, which is not only
intrinsic to the surface functionalization, but it can also have an
impact on the adhesion properties. The morphology on the
fiber surface was microscopically characterized after each
functionalization step by means of SEM and AFM. The SEM
images depicted in Fig. 4 clearly show that the neat surface of
unmodified aramid changed dramatically to a rough structure

RSC Sustainability, 2023, 1, 1967-1981 | 1971
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Fig. 3 XPS analysis. C 1s high resolution spectra of (a) virgin unmod-
ified aramid (v-UA), (b) virgin polydopamine coated aramid (v-PDA),
and (c) virgin polydopamine-silane functionalized aramid (v-PDA-Si).
(d) N 1s, (e) O 1s and (f) Si 2p high resolution spectra of v-PDA-Si. The
images include the analysis of deconvoluted curves and functional
groups assigned to the fitted peaks. Dashed black lines correspond to
the experimental curve. Solid black lines correspond to the fitted
envelop.

due to the presence of polydopamine particles of varying sizes
ranging from 30 nm to 2 pm. The micrometer sized PDA
particles measured on the surface of the fibers are within the
values reported previously in overnight setups with TRIS buffer
solutions.*

After silanization, the SEM images of PDA-Si fibers revealed
a subsequent change in the morphology and size of the surface
features with diameters in the range of 100 nm to 2.5 pm.

A deeper insight into the change in topography was achieved
by AFM. The morphology of unmodified aramid depicts the
presence of small irregularities on the surface, mainly consisting
of dispersed holes with a depth of less than 2 nm. This feature was
previously observed in the core of Twaron fibers and was
explained by the solvent removal procedure, which potentially can
lead to shrinkage favoring the formation of voids.” A clearly
different pattern was observed for the aramid fibers with dopa-
mine coating, where dispersed aggregates with a maximum and
average height of 89 nm and 37 nm respectively were observed.
The obtained results agree with the reported values under similar
coating conditions that typically lead to rough agglomerates with
thicknesses ranging from a few nanometers to 100 nm.* The
subsequent silanization procedure led to a further increase in the
maximum height (109 nm), average height (42 nm) and roughness

1972 | RSC Sustainability, 2023, 1, 1967-1981
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values (15.7 nm), which agrees with the further changes in the
fiber morphology observed by SEM.

3.4 Thermogravimetric analysis and single fiber tensile test

Surface functionalization can deteriorate the thermal resistance
and tensile strength of aramid fibers. However, the results from
TGA and single fiber tensile tests confirmed that the mild
functionalization conditions to obtain PDA-Si fibers did not
lead to a decline in those essential properties (Fig. 4f, g, Tables
S2 and S37).

3.5 Thermoset preparation

Epoxy thermosets with ester based cross-linking points were
achieved by the curing reaction between an aliphatic tri-epoxy
resin and an aqueous solution of citric acid (Fig. 6a). The
curing reaction between epoxy groups and carboxylic acids
tends to be slow and can lead to a number of side reactions.
However, the dissociation of citric acid in water can lead to
acidic protons, which can potentially catalyze the formation of
ester bonds in an aqueous solution without the need for an
external catalyst and toxic solvents (Fig. S5t).*>*°** The curing
reaction was evaluated by ATR-FTIR. The acquired spectra of the
cured TVx (Fig. S61) depicted the disappearance of the bands at
908 cm " and 3055 cm ™" associated with the vibrations of the
epoxide ring. Additionally, the two bands observed in the
carbonyl region at 1708 cm ' and 1631 cm ™" corresponding to
the C=0 stretching of carboxylates (Fig. S61) presented a shift
to 1731 cm™ ' and 1643 cm ™", which together with the new band
at 1181 em ™, corresponding to the O C=0 stretching vibra-
tions, suggest the formation of ester based crosslinking points.
The presence of  hydroxyl groups as a result of the ring opening
reaction was proposed by the appearance of a broad band
around 3418 cm ™' associated with the O-H stretching vibra-
tions of tertiary alcohols.> Furthermore, the curing behavior of
the thermoset was followed by differential scanning calorim-
etry. The thermograms in Fig. S7at depict an exothermic peak
in the range between 55 °C and 120 °C with a peak at 87 °C. The
curing conditions consisting of 24 h at 110 °C, followed by hot
press post-curing at 180 °C, under 250 kN for one hour led to
a cured thermoset with a glass transition temperature of 44 °C.

3.6 Interface strength between the epoxy thermoset matrix
and reinforcing virgin fiber mesh

The interface region between the polymer and the fibers has
distinct physicochemical properties and it is responsible for
controlling the chemical, physical or interlocking interac-
tions and therefore, it is a key contributor to the overall
performance of fiber reinforced polymer composites.*
Peeling adhesion tests and lap-shear bonding tests were
performed in order to characterize the interface region
between the TVx matrix and virgin v-UA, v-PDA and v-PDA-Si
aramid meshes (the sample preparation and testing meth-
odology are fully described in the ESIt). The outcomes from
both tests suggested that the epoxy functionalized fibers (v-
PDA-Si) led to an improved interface strength with the epoxy
thermoset matrix, which was demonstrated by an increase in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the peeling adhesion strength and maximum shear stress
depicted in Fig. 5a and b. The values of peeling adhesion
strength followed the trend: PDA-Si (457 + 59 N m™ ") > UA
(383 £ 60 Nm™ ") > PDA (258 &+ 34 N m ™ !), which agrees with
the lap-shear trends: PDA-Si (14.6 &+ 1.8 MPa) > UA (10 £+ 0.6
MPa) > PDA (8.4 £ 0.3 MPa). This is in line with the outcomes
from previous studies reporting higher interfacial strength,
shear strength and flexural strength values in the presence of
silane coupling agents.***” The mechanism behind this
improvement is still under debate; however, contributions
from chain entangling and covalent bonding appear to play
an important role.”® It was however unexpected that the ob-
tained values for our PDA modified specimens were lower
than the values recorded for UA meshes. This could be
attributed to the formation of PDA agglomerates not strongly
attached to the surface of the fibers, thereby weakening the
interactions between the polymer and the surface of the fiber
mesh. This is supported by the XPS (Table 1 and Fig. S4ct) and

© 2023 The Author(s). Published by the Royal Society of Chemistry

AFM results, which suggest that the incorporation of salts
from the buffer solution and the formation of particle
agglomerates might have taken place, thereby contributing to
the formation of a weak boundary layer. Similar observations
were previously reported,®” as the bonding strength between
an epoxy matrix and an aluminum surface coated with poly-
dopamine presented lower adhesion strength than the
untreated reference substrate, while an enhancement in the
interface strength after a second functionalization step with
an amino silane coupling agent was observed.

The SEM images of the aramid meshes after the peeling
test further indicated distinct interactions resulting from the
fiber functionalization (Fig. 5 ¢). UA meshes displayed small
amounts of polymer on the surface and fiber fibrillation,
which suggests that only physical interactions such as
mechanical interlocking took place. PDA aramid meshes
exhibited a clean detachment from the epoxy thermoset and
therefore, remnants from the epoxy thermoset or indications
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Fig. 5 Typical curves of (a) peeling adhesion tests and (b) lap shear
tests. (c) SEM images of the meshes after peeling adhesion tests.

from mechanical interactions were not observed. As opposed
to that, PDA-Si modified meshes remained covered with
pieces of the thermoset material of different dimensions and
polymer fibrils were observed over the analyzed surface,
which suggests that the interactions in the interphase are
stronger due to the potential formation of chemical bonds.

3.7 Composite preparation

Aramid composites were obtained by reinforcing the thermoset
TVx with two layers of virgin UA, PDA or PDA-Si functionalized
aramid meshes, which led to the bilayered composites shown in
Fig. 6b. The spectroscopic characterization of the cured
composites depicts the presence of the characteristic bands of
the cured thermoset as previously described (Fig. 6b).

The thermogravimetric analysis (TGA) of the cured ther-
moset alone, Fig. S8,F showed a decomposition pathway in one
step with a peak at 368 °C and an onset of decomposition, Tso,
and Tjg at 268 °C and 312 °C respectively, suggesting that
a thermally stable thermoset was obtained. The presence of the
meshes led to a further increase in the thermal stability of the
composites as suggested by the onset of decomposition Tse, at
285 °C and T, at 330 °C. It is worth noticing that a shift in the
main decomposition step was also observed and it was more
pronounced in the composites reinforced with PDA (374.7 + 2.8
°C) and PDA-Si (375 + 0.1 °C) compared to composites with UA
(370.5 + 0.2 °C), which suggests that the higher thermal
stability of the functionalized fibers has a positive influence on
the overall thermal resistance of the composites. Additionally,
the second decomposition step observed in the thermogram at
580 °C, which corresponds to the degradation of aramid, was
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used to calculate the fiber loading in the composites and
resulted in an average of 47 £+ 6 wt%.

3.8 Chemical recycling of the virgin thermoset (TVx)

The high content of labile ester bonds, which are present in the
virgin thermoset (TVx), enabled the evaluation of different
chemical recycling methods, namely hydrolysis under acidic
and basic conditions and mild solvolysis through trans-
esterification exchange reactions. Thermoset hydrolysis under
acidic (HCl 1 M) and basic conditions (NaOH 1 M) were initially
evaluated; however, acidic hydrolysis proved to be an ineffective
method, and basic hydrolysis was detrimental for the surface
functionalization (for details see the ESI).

In view of this, a mild solvolysis through transesterification
exchange reactions was pursued. The use of ethylene glycol as
a solvent and zinc acetate as the transesterification catalyst
resulted in a homogeneous and translucid solution (Fig. 7a).
The evaporation of residual solvent generated a viscous resin
consisting of a mixture of oligomers with a number average and
weight average molecular weight of 716 g mol™" and 2291 g
mol ', respectively (Fig. S121). Spectroscopic characterization
by 'H and C NMR suggests the formation of oligomeric
structures rich in hydroxyl and ester groups resulted from the
transesterification exchange reactions with ethylene glycol, in
Fig. 7b and S13.7

The curing reaction of the obtained viscous resin was fol-
lowed by DSC, where an exotherm at 97 °C corresponding to the
curing reaction was determined (Fig. S12). The curing reaction
by hot pressing at 180 °C for 1 h and 250 kN resulted in a flexible
recycled thermoset (TRx). However, the mechanical properties
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Fig. 6 (a) Chemical structure of the uncured epoxy resin and citric

acid and the proposed structure of the cured thermoset. (b) Acquired
ATR-FTIR spectra of the aforementioned samples and physical
appearance of the TVx and UA, PDA and PDA-Si composites.
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of TRx presented an abrupt loss, which was unavoidable even
upon a 50/50 wt% mixture of recovered resin and virgin mate-
rial. This was manifested by a 33% recovery of the tensile stress
at break and 83% recovery of the tensile strain in comparison
with the virgin thermoset (Fig. S147).

FTIR of the cured TRx (Fig. S15at) suggests the formation of
an ester-based thermoset with an increased abundance of
primary hydroxyl groups. The bands at 1274 cm™' and
1038 cm ™' correspond to C-OH in plane deformations and C-O
stretching vibrations. The high concentration of free hydroxyls

(a) Chemical recycling methodology through transesterification exchange reactions. (b) Spectroscopic characterization of the viscous

can increase the free volume and lower the crosslinking density
within TRx.*® Additionally, these active groups can lead to
etherification reactions, which would act as flexible segments
resulting in an increased chain mobility. With that in mind, the
chemical structure of the recycled TRx which is proposed in
Fig. S15bf would explain the observed decrease in the
mechanical properties and lower crosslinking density, which is
supported by the decrease in Tg depicted in Fig. S15c.t

In view of the high content of hydroxyl groups in the TRx
matrix, we hypothesized that the adhesion strength with the
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(a) Characteristic lap-shear curves of v-PDA-Si specimens with TVx (solid line) and TRx (dotted line). Comparison of the (b) maximum

shear stress and (c) ultimate shear stress in the lap-shear test with v-UA, v-PDA and v-PDA Si meshes with virgin and recycled thermosets (TVx

and TRx).
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aramid meshes would not deteriorate. The reason is that the
high availability of hydroxyl groups can increase the bonding
strength with different substrates having the potential to
establish hydrogen bonding or covalent interactions and this is
precisely the chemistry that has been exploited for the devel-
opment of highly adhesive materials.**** We evaluated the
adhesion strength between the TRx and virgin aramid meshes v-
UA, v-PDA and v PDA-Si by lap shear tests and compared it to the
adhesion strength obtained with virgin TVx. Our results suggest
that the bonding characteristics of TRx promoted good adhe-
sion with v-PDA-Si aramid meshes and lead to a recovery of 93%
and 75% of the maximum and ultimate shear stress, respec-
tively. The reduction of ultimate shear stress and total extension
may suggest that secondary interactions such as hydrogen
bonding enabled a good retention of the maximum shear at low
extensions. However, these secondary interactions are not
strong enough to bear the load upon further extension (Fig. 8d).
These are the typical characteristics of ductile adhesive.*® On
the other hand, a comparison with the bonding characteristics
of v-UA and v-PDA corroborated that v-PDA-Si had the highest
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interfacial interactions among the three tested meshes (Fig. 8e).
Additionally, it was observed that even when v-UA exhibited
a maximum shear recovery of 74%, it was below the maximum
shear obtained for the v-PDA meshes. This is in contrast to the
peeling adhesion and the outcome with virgin TVx. This can be
attributed to the high content of amines and hydroxyl groups in
the catecholamine structure of PDA, that have the potential to
establish a large number of hydrogen bonds, and the increased
chain mobility in TRx, which can improve fiber wetting and
further benefit the mechanical interlocking mechanisms.””
Additionally, the increased fluid-like behavior of TRx can facil-
itate access to the underlying fiber layers of the mesh resulting
in an interaction, not only on the surface, but also within the
inner layers of the mesh.

3.9 Chemical recycling of aramid reinforced composites

The composites prepared with virgin TVx reinforced with two
layers of v-UA, v-PDA or v-PDA Si meshes were chemically recy-
cled through transesterification exchange reactions. This
methodology resulted in the recovery of the two layers of r-UA, r-

;

r-PDA-Si

(a) Chemical recycling of aramid reinforced epoxy composites through transesterification exchange reactions. (b) Recovered r-UA, r-PDA

and r-PDA-Si meshes after chemical recycling and SEM characterization. (c) SEM image of a PDA-Si fiber depicting the retention of the surface
functionality supported by atomic ratios determined from the EDS measurements.
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PDA and r-PDA-Si meshes, which appeared free of polymer on
plain sight. An evident removal of TVx from the surface of r-UA,
r-PDA and r-PDA-Si aramid meshes was seen by SEM. The scarce
remnants from the matrix consisted of small polymer fibrils.
The chemical recycling procedure leads to clear differences
between the recovered r-PDA and r-PDA-Si meshes (Fig. 9b). On
one hand, r-PDA meshes presented a clear discoloration on the
surface of the mesh, which can indicate that the polydopamine
coating was affected by the chemical recycling method. The
smooth fiber topography observed by SEM further suggested the
loss of the rough PDA coating. This was confirmed by the FTIR
spectroscopic characterization in Fig. S17,f where the bands
associated with PDA are no longer present. In contrast, recycled
r-PDA-Si meshes retained the original dark brown color and the
morphology of the functionalization, as suggested by SEM
images (Fig. 9¢). The spectroscopic characterization in Fig. 10a
further suggests the existence of the coating, which was indi-
cated by the presence of bands around 1613 cm ™", 1484 cm™"
and 1250 cm ', which were previously associated with the ex-
pected chemistry of the surface functionality. This was sup-
ported by EDS, which revealed that r-PDA-Si had higher O/C and
Si/C ratios and a lower N/C ratio in comparison with r-UA and r-
PDA (Fig. 9c). This suggests that the silane functionalization
was retained after the chemical recycling method.

The outcome agrees with the results obtained after the
Soxhlet extraction with ethanol. The analysis of the extracted
fibers revealed that the rough features of polydopamine on PDA
coated fibers were significantly reduced (Fig. S18af). In

contrast, PDA-Si functionalized fibers maintained the
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characteristic features from the functionalization (Fig. S18b¥).
This was spectroscopically ascertained by SEM-EDS, where Si
was still detected with a concentration of 5.1 + 1.6 wt% (Table
S67).

The striking difference observed between r-PDA and r-PDA-Si
can be explained by the distinct chemistry involved in each of
the functionalization steps. As stated in previous studies, the
self-adhesion of polydopamine on a wide variety of substrates is
thought to be reliant on secondary interactions such as
hydrogen bonding and -7 interactions.'”***>%* Conversely, the
condensation reaction of the silane coupling agent involves the
formation of more robust O-Si-C covalent bonds®® giving rise to
a functionalized layer of higher stability.

Additional characterization of the recovered r-PDA-Si meshes
suggests that 82% of the TVx matrix was successfully removed
from the aramid meshes as clearly shown in the TGA analysis
(Fig. 10b). As opposed to the two-step decomposition of the
composite, corresponding to the thermoset and the fiber mesh,
the main decomposition step of r-PDA-Si takes place at 584 °C,
which corresponds to the thermal degradation of aramid
meshes. The spectroscopic analysis in Fig. 10a revealed that the
surface of the r-PDA-Si meshes was practically clean from the
bands associated with the TVx resin. This result seems to imply
that the residues from the TVx matrix detected by TGA (18%)
were present within the inner fiber layers within the mesh.
Higher mixing rates could have proved beneficial in order to
reach the residual matrix in the inner layers of the mesh.
However, this would unavoidably result in the loss of the
weaving form and shape. This would cause the downgrading of

100 200 300 400 500 600 700
Temperature [°C]

0 2 4 6 8 10 12 14 16 18 |
Extension (mm) 1

(a) Spectroscopic characterization of recovered r-PDA-Si depicting the removal of the thermoset matrix supported by (b) thermog-

ravimetric analysis indicating a removal of 82% of the thermoset matrix. (c) Typical lap-shear test curves comparing the performance of v-PDA-Si
and r-PDA-Si after chemical recycling. (d) Comparison of the maximum shear stress obtained with UA, PDA and PDA-Si meshes in their virgin

state and after chemical recycling.
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the recycled mesh implying a decrease in the sustainability of
the proposed methodology. In fact, it is precisely this feature
which keeps hindering the application of chemical recycling
methods on a larger scale and up to now, a considerable
amount of the existing research has shown that a complete
removal of the polymer matrix from carbon fiber meshes has
been reached at a stake of the weaving features. An interesting
example showed that in order to retain the weaving geometry of
a carbon fiber mesh, only a partial removal of 90% of the resin
was attainable.*

Despite the current limitation, it has been commonly
assumed that the surface of the meshes plays the most
important role when it comes to establishing good interac-
tions with the polymer matrix. Our results from the previous
discussion suggest that the surface of the recovered r-PDA-Si
meshes is not only adequately free from TVx residues but
still bears the surface functionality required to achieve good
interfacial interactions. This hypothesis was tested by lap
shear analysis with specimens composed of recovered r-UA, r-
PDA and r-PDA-Si meshes and the virgin TVx matrix. The
results from this analysis corroborate that r-PDA-Si retained
79% of the maximum shear and 91% of the ultimate shear
(Fig. 10c). It was further observed that the imposed load could
still be maintained up to 76% of the total extension in
comparison to virgin v-PDA-Si. It is worth noticing that the
recycled r-PDA-Si reached a bonding strength comparable to
that of virgin v-UA and v-PDA.

4 Conclusions

Aramid meshes were successfully functionalized through
a mild modification process, which improved the performance
and chemical recyclability of epoxy/aramid mesh composites.
Specifically, the functionalization with polydopamine and
a silane coupling agent (PDA-Si) enhanced the interfacial
strength between v-PDA-Si meshes and virgin TVx as demon-
strated by a 46% increase in the lap shear stress values when
compared to the unmodified reference. This surface func-
tionalization was highly beneficial in the chemical recycling
process and enabled the recovery of high-quality fiber meshes
with a high retention of the fiber functionality. This was
ascertained by thermogravimetric, spectroscopic and micro-
scopic characterization of the recovered PDA-Si meshes and
also by lap shear tests showing 73% retention of lap shear
stress. The value of transesterification exchange reactions as
a way to impart chemical recyclability to epoxy thermosets
reinforced with aramid fiber meshes was illustrated, proving
that its application in fiber reinforced polymer composites is
not only restricted to composites reinforced with carbon and
glass fibers, but can also be applied to more sensitive fibers
such as aramid. In all, the results demonstrate that, besides
the well documented performance enhancement, fiber surface
functionalization can play a key role in the development of
future recycling strategies for FRPCs by enabling the recovery
of high-quality surface functionalized fibers. Such fibers can
be reused in similar applications without a significant
downgrading.
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