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Abstract

Additive manufacturing by stereolithography (SLA) is widely used for fabricating complex
polymeric parts. However, photocurable resins typically exhibit brittle behavior. In this
context, the incorporation of nanofillers has emerged as a strategy to tailor mechanical
performance, although challenges related to dispersion and processability remain. This
work investigates the co-incorporation of graphene oxide (GO) and kraft lignin, including
a low-molecular-weight fraction (FKL), into acrylate-based photocurable resins processed
by SLA. Pre-curing dispersion and viscosity were evaluated by optical microscopy and
rotational rheometry. The mechanical, viscoelastic, and fracture behavior of the printed
nanocomposites was assessed by tensile testing, dynamic mechanical analysis, and scan-
ning electron microscopy. The results show that all formulations exhibited viscosities
suitable for SLA processing. The presence of FKL promoted improved GO dispersion
and more stable rheological behavior compared with unfractionated lignin. At low lignin
contents, a pronounced synergistic effect with GO led to enhanced tensile strength, whereas
increasing lignin content reduced stiffness and glass transition temperature while sig-
nificantly increasing elongation at break, particularly for FKL-based systems. Overall,
these findings demonstrate that lignin fractionation is an effective strategy to modulate
dispersion, mechanical response, and toughness in GO-containing photocurable resins.

Keywords: graphene oxide; lignin; hybrid nanocomposite; additive manufacturing

1. Introduction

Additive manufacturing processes based on photocurable resins rely on the poly-
merization of successive layers initiated by UV or visible radiation in a similar spectral
range [1,2]. Despite their widespread use, photocurable resins used in resin-based 3D print-
ing exhibit a well-known mechanical limitation related to their curing mechanism, which
leads to dense and highly crosslinked networks that fail in a brittle manner, displaying low
toughness and limited elongation at break [3,4]. This intrinsic fragility restricts their applica-
tion in functional components subjected to impact, flexural stresses, or repeated mechanical
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loading. Such behavior is primarily related to the widespread use of multifunctional acry-
late monomers, which promote high crosslink densities [4-6]. Although commercially
available flexible formulations, often based on polyurethane- or epoxy-acrylate systems,
can improve deformability, they typically do so at the expense of elastic modulus, limiting
their suitability for applications requiring stiffness and dimensional stability [6-8]. Conse-
quently, alternative strategies have been extensively investigated to overcome this inherent
balance between toughness and stiffness, among which the incorporation of nanofillers has
emerged as a prominent approach to enhance the mechanical performance of SLA-printed
parts [1,9].

A wide range of nanofillers has been evaluated in photocurable resins, including
nanosilica, nanoclay, graphene, and their derivatives [10-13]. Among these, graphene
oxide (GO) has attracted particular attention due to its high specific surface area and
abundant oxygen-containing functional groups, which impart polarity to the nanosheets
and favor interactions with polar resin matrices. Several studies have demonstrated that GO
can effectively modulate the mechanical response and introduce additional functionalities
in photocurable systems, even at low loadings [14-16]. Despite this potential, its use in
photocurable resins is often limited by the strong tendency of the sheets to reaggregate
during formulation and curing [14,15]. This behavior reduces dispersion stability and
promotes the formation of agglomerates, which ultimately compromises the cohesion and
mechanical performance of 3D-printed nanocomposites [17,18].

Armentia et al. [13] examined the influence of graphene-based nanomaterials on the
photopolymerization behavior and printability of an acrylic resin used in SLA. Incorpo-
rating 0.1 wt.% of graphene, GO or graphite nanoplatelets (GoxNP) produced material-
dependent effects: GO and GoxNP maintained good dispersion, preserved light penetration
and yielded printed parts with normal curing behavior, while graphene increased light
absorption, lowered the degree of cure and compromised printability. Shah et al. [14] inves-
tigated how GO dispersion affects the mechanical and thermal properties of 3D-printed
nanocomposites. Tensile and compression strength were highest at 0.05 wt.% GO and
gradually decreased at higher loadings (0.05-0.5 wt.%), while thermal stability was largely
unaffected. In a previous study from our group [18], we evaluated the influence of GO
addition on the mechanical behavior of acrylated resin nanocomposites subjected to multi-
ple loading conditions and fabricated by SLA printing. At a GO content of 0.5 wt.%, the
experimental results showed good agreement with the Drucker-Prager theoretical model.
At higher GO concentrations, however, deviations from the model were observed, which
were attributed to the influence of GO agglomerates on the material flow behavior. These
results indicate that while GO is a promising reinforcement, its effective use in photocurable
resins requires strategies to improve dispersion and interfacial compatibility.

In this context, lignin has emerged as a promising candidate to improve GO dis-
persion and stabilization within resin matrices. The aromatic structure of lignin enables
7—7t interactions with GO, while its oxygen-rich and highly functionalized backbone can
enhance compatibility with photocurable systems [19,20]. Lignins are natural polyphe-
nols formed through the polymerization of monolignols, including coniferyl, sinapyl, and
p-coumaryl alcohols, which give rise to molecular units of guaiacyl (G), sinapyl (S), and
p-hydroxyphenyl (H), respectively [21,22]. In plant cell walls, lignin plays a key structural
role, contributing to mechanical integrity and growth [21].

On this basis, Hu et al. [20] reported the preparation of GO-alkaline lignin (AL) nanohy-
brids and their reinforcing effect in poly(vinyl alcohol) (PVA) composites. The GO-AL
nanohybrids exhibited good dispersion stability in aqueous media, enabling effective incor-
poration into the polymer matrix. As a result, PVA composites containing GO-AL showed
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significantly enhanced mechanical performance compared to systems reinforced with GO
or AL alone, highlighting the synergistic role of lignin in GO-based hybrid reinforcements.

Despite its abundance and chemical versatility [23], the application of lignin in poly-
mer systems is often constrained by its inherent structural heterogeneity and broad molec-
ular weight distribution, which depend strongly on botanical origin and pulping pro-
cess [21,24,25]. These factors define the properties of technical lignins (TL), obtained as
by-products of cellulose pulping. To address these limitations, increasing attention has
been directed toward lignin fractionation strategies aimed at isolating fractions with nar-
rower molecular weight distributions and improved processability [26,27]. In particular,
low-molecular-weight lignin fractions exhibit higher mobility and greater accessibility of
functional groups, enhancing their reactivity and compatibility in polymer blends and com-
posites [28]. Among the various approaches reported, sequential solvent extraction remains
one of the most widely adopted methods due to its simplicity and low cost [26,29,30].

This work investigates the co-incorporation of GO and lignin, as well as a low-
molecular-weight fraction, in acrylate-based resins processed by SLA, to evaluate how
these hybrid systems affect the mechanical and viscoelastic performance of the resulting
photocurable materials. The role of lignin molecular weight is examined in terms of its in-
fluence on the structure—property relationships governing the thermomechanical response
of the resulting 3D-printed parts. Although several studies have independently assessed
the effects of GO [7,16,18,31] or lignin [32-34] in photocurable nanocomposites, to the best
of our knowledge, this is the first work to examine this hybrid system in photopolymer
resins. By demonstrating how lignin and its low-molecular-weight fraction modulate the
mechanical and viscoelastic behavior of GO-containing systems, this study advances the
understanding of hybrid systems in photocurable resins and introduces a novel approach
for tailoring the properties of SLA-produced nanocomposites.

2. Materials and Methods
2.1. Materials

Graphite (Grafine 996100) was supplied by Nacional de Grafite (Salto da Divisa,
Brazil). Sulfuric acid (H,SO4), phosphoric acid (H3POy), and hydrochloric acid (HCl) were
purchased from Labsynth (Diadema, Brazil). Tetrahydrofuran (THF) and ethyl acetate
were obtained from Exodo Cientifica (Sumaré, Brazil), while potassium permanganate
(KMnOy) and hydrogen peroxide (H,O,) were acquired from Sigma-Aldrich (Sao Paulo,
Brazil). Kraft lignin derived from eucalyptus hardwood was provided by Suzano S.A.
(Suzano, Brazil) as a brown powder, a byproduct of the pulp and paper industry, with a pH
of 3.5 and an ash content of 2%. The hybrid composites were prepared using a standard
acrylate-based resin supplied by 3D Cure (Betim, Brazil). The resin is transparent, has a
density of 1.1 g/cm?, and exhibits an absorption band centered at 405 nm. All reagents
were used as received.

2.2. Synthesis of Graphene Oxide and Lignin Fractionation

Graphene oxide (GO) was synthesized following a modified Hummers-type method,
as described by Marcano et al. [35]. Briefly, graphite (3 g) was dispersed in a mixed acid
solution composed of HySO4 and H3PO4 (9:1 v:v) under continuous stirring at 25 °C.
Potassium permanganate (18 g) was then gradually introduced into the suspension, after
which the reaction mixture was heated to 50 °C and maintained under agitation for 12 h.
Upon completion, the reaction was allowed to cool to 25 °C and subsequently quenched by
slow addition into 400 mL of ice, followed by the addition of 3 mL of a 30% HyO; solution.
The resulting suspension was centrifuged at 4000 rpm for 4 h to separate the solid product.
The collected solid was washed sequentially with distilled water (200 mL) and a 30% HCl
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solution, followed by two additional washing steps using ethanol. After each washing step,
centrifugation was performed at 4000 rpm for 4 h. Finally, the product was coagulated in
200 mL of ether and dried under vacuum at 80 °C overnight.

The lignin fractionation procedure employed in this study was established based on
the work of Aratjo et al. [36], aiming at the recovery of a KL fraction with low molar mass
and reduced dispersity. Briefly, 5 g of kraft lignin (KL) was stirred with 100 mL of ethyl
acetate for 2 h at 25 °C. The mixture was then subjected to vacuum filtration, and the
soluble fraction was recovered by solvent evaporation. The obtained fraction (FKL) was
dried in a vacuum oven at 60 °C for 24 h to remove residual solvent and moisture.

2.3. Characterization Methods for GO and Lignin

X-ray diffraction (XRD) analyses were performed to characterize pristine graphite
and graphene oxide (GO). The diffraction patterns were collected using a Bruker D8-Focus
diffractometer (Billerica, MA, USA) equipped with a Cu K« radiation source (A = 1.54 A).
Measurements were carried out over a 20 range from 5° to 30°, employing a scanning rate
of 1°/min.

Fourier-transform infrared (FTIR) spectroscopy analyses of GO, KL, and FKL were
conducted in attenuated total reflection (ATR) mode using a Perkin Elmer Spectrum Two
spectrometer (Hopkinton, MA, USA). A total of 64 scans were collected in the range of
4000-700 cm~! with a resolution of 4 cm ™ 1.

The molar mass distribution of KL and FKL was evaluated by gel permeation chro-
matography (GPC). The lignin samples were dissolved at a concentration of 2.5 mg/mL
in a sodium phosphate solution adjusted to pH 12 to ensure adequate solubilization.
The analyses were performed using PSS MCX columns (PSS (Polymer Standards Service)
GmbH, Mainz, Germany) with nominal pore sizes of 1000 A and 100,000 A (8 x 300 mm),
maintained at 25 °C. To evaluate the effects of sample preparation and storage on the chro-
matographic response, four analytical conditions were examined. The samples were either
homogenized, filtered through a 0.22 pm PVDF membrane, and injected immediately, or
stirred at 270 rpm for 30 min prior to filtration and injection. Additionally, reinjections were
performed after 4 h of storage in the autosampler at 20 °C and after 30 days of refrigerated
storage. All analyses were carried out using a flow rate of 0.6 mL/min and an injection
volume of 20 pL. Detection was performed using an ultraviolet detector operating at a
wavelength of 215 nm.

2.4. SLA Resin Preparation and 3D Printing

The preparation of photocurable resins containing GO and lignin, based on studies by
Palaganas et al. [37] and Garcia et al. [18], was carried out in two main steps: dispersion
of GO and KL or FKL, followed by their incorporation into the resin. Dispersion was
performed using THF as solvent. GO, KL, and FKL were dispersed separately in THF
using an ultrasonic bath for 30 min. Subsequently, GO was combined with KL or FKL
and the mixture was further sonicated for an additional 30 min. The GO-KL or GO-FKL
dispersions were then incorporated into the photocurable resin, and the systems were
maintained at 60 °C under stirring for 12 h to allow complete evaporation of THF. The
neat resin was subjected to the same THF addition and evaporation procedure to eliminate
potential solvent-related effects. The GO concentration was fixed at 0.5 wt.% based on a
previous study [18], which identified this loading as optimal in terms of dispersion and
processability for photocurable resin systems. The concentrations of KL and FKL were then
defined relative to the GO content, establishing GO:lignin ratios of 1:0.5, 1:1, and 1:2. This
notation was adopted in the sample nomenclature, followed by the identification of the
lignin type used (KL or FKL).
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The samples were printed using an Anycubic Photon Mono 4K printer (Shenzhen,
China), operating at a wavelength of 405 nm. The first six layers were exposed to UV light
for 120 s to enhance adhesion to the build platform, while subsequent layers were exposed
for 30 s, with a layer thickness of 0.05 mm. Depending on the specimen thickness, the total
printing time ranged from approximately 30 to 40 min. After printing, the specimens were
washed with ethanol to remove uncured resin residues. The samples were then post-cured
in a UV curing chamber equipped with a 405 nm light source for 20 min and subsequently
subjected to a vacuum oven at 90 °C for 24 h to complete the cross-linking process.

2.5. Characterization of Hybrid Nanocomposites

In the uncured state, the dispersion of GO and lignin in the hybrid system, as well as
the viscosity of the formulations, were evaluated by optical microscopy and rheometry,
respectively. For micrograph acquisition, a small amount of each sample was placed
between glass slides and gently pressed using tweezers. The micrographs were obtained
using a Carl Zeiss Axio Scope Al optical microscope (Oberkochen, Germany).

The viscosity of the mixtures was evaluated using a rotational rheometer Anton Paar
MCR 502 (Graz, Austria), employing a parallel plate geometry with a diameter of 25 mm
and a gap of 0.2 mm, based on previous studies [18,34]. Measurements were carried out at
25 °C, with a shear rate sweep ranging from 1 to 100 s~ 1.

The sedimentation stability of the uncured resin formulations was evaluated by visual
monitoring over time. Aliquots of each formulation were transferred to 3 mL glass vials and
kept under static conditions at 25 °C. The samples were visually inspected at predetermined
time intervals ranging from 1 h up to 72 h to assess possible particle sedimentation.

After curing, the mechanical properties of the samples were assessed by tensile tests
performed on a universal testing machine Instron 3369 (Norwood, MA, USA), equipped
with a 50 kN load cell. The tests were conducted using an optical extensometer and a
crosshead speed of 2 mm/min. Dumbbell-shaped specimens were used, with a gauge
length of 25 mm, gauge width of 5 mm, and thickness of 2 mm, in accordance with ISO
527-2 [38].

The viscoelastic properties of the hybrid nanocomposites were investigated by dy-
namic mechanical analysis (DMA) using a TA Instruments Q800 (Waltham, MA, USA). The
analyses were carried out in dual cantilever mode, at a frequency of 1 Hz and a deformation
amplitude of 5 um. Rectangular specimens were used, with a gauge length of 35 mm,
width of 12 mm, and thickness of 3 mm. The temperature ramp was conducted from 20 to
140 °C at a heating rate of 5 °C/min.

FTIR-ATR spectroscopy was employed to evaluate the curing behavior of the resin for-
mulations before and after UV exposure. The analyses were performed using a PerkinElmer
Spectrum Two spectrometer (Hopkinton, MA, USA). A total of 64 scans were collected in
the range of 4000-550 cm ! with a resolution of 4 cm~! for each sample.

The fracture surfaces of the tensile-tested samples were coated with a thin layer of gold
(15 nm) and examined by scanning electron microscopy (SEM) using a Jeol JSM-6010LA
microscope (Akishima, Japan), operated at acceleration voltages between 5 and 15 kV.

3. Results and Discussion
3.1. Characterization of GO and Lignin
3.1.1. Graphene Oxide

The X-ray diffraction patterns of pristine graphite and GO are presented in Figure 1.
Pristine graphite exhibits an intense diffraction peak at 20 = 26.6°, characteristic of the (002)
reflection, corresponding to an interplanar spacing (d) of 3.3 A [39].
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Figure 1. XRD pattern of pristine graphite and GO.

After the oxidation process, a pronounced shift in this reflection toward lower diffrac-
tion angles is observed, with the (002) peak of GO located at 20 = 10°, corresponding to
an interlayer spacing of 8.8 A. This increase in interplanar distance is mainly associated
with the introduction of oxygen-containing functional groups, which promotes layer ex-
pansion, while a minor contribution from interlayer water is also expected as a result of the
increased hydrophilicity of the obtained GO [40]. In addition, a weak peak is observed at
20 = 20°, indicating the presence of a small fraction of graphene sheets that were not fully
oxygen-functionalized during the oxidation process [41].

The FTIR spectrum of GO (Figure 2) exhibits the characteristic absorption bands
associated with this nanomaterial, confirming the presence of multiple oxygen-containing
functional groups. A broad band centered at approximately 3250 cm ™! is observed, which
is attributed to the stretching vibrations of hydroxyl (-OH) groups, indicating a high degree
of surface functionalization. [42,43]. The absorption band located at 1728 cm~! is assigned
to the stretching vibration of C=O bonds from carboxylic groups, while the band around
1613 cm~! corresponds to the C=C stretching vibrations of aromatic domains remaining
from the graphitic structure [37].

I (a.u.)

3250 em™'

1728 cmt 1613 €M

1162¢cm™’

— GO

4000 35IOO 30I00 25'00 20|00 15‘00 10I00
A (cm™)
Figure 2. FTIR spectrum of GO.
Additionally, bands in the region between 1367 and 1380 cm ! are associated with the
deformation of C~-OH groups, whereas the band at approximately 1162 cm ™! is attributed to

the stretching vibration of C—-O bonds in epoxide or alkoxy groups located on the basal plane
of GO [27]. These features confirm the successful introduction of oxygenated functional
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groups into the graphene structure, in agreement with the structural modifications observed
by XRD, and demonstrate the effective synthesis of the GO.

3.1.2. Lignin

Figure 3 presents the FTIR-ATR spectra of KL and FKL, normalized to the intensity
of the band at 1455 cm ™!, which is assigned to the asymmetric bending vibrations of CHj
and CHj groups [21]. Overall, KL and FKL exhibit a high degree of spectral similarity.
A broad band is observed in the 3650-3050 cm ™! region, with a maximum centered at
3398 cm~!, which is attributed to the stretching vibrations of hydroxyl (-OH) groups from
both aromatic and aliphatic structures. The bands at 2937 and 2845 cm ! are assigned to
C-H stretching vibrations of methylene and methyl groups [21,36]. The band located at
1718 cm ™! is attributed to the stretching vibration of the C=O bond, mainly associated with
carboxylic and conjugated carbonyl groups. The intensity of this band is slightly higher for
FKL compared to KL, a trend consistent with kraft lignin fractions of lower molar mass,
as reported by Aratjo et al. [36]. The band at 1605 cm ™! is assigned to C=C stretching
vibrations of aromatic rings in the lignin structure, while the band at 1509 cm ! is associated
with similar vibrations of the aromatic backbone. In the lower wavenumber region, the
bands at 1325 and 1207 cm ! are assigned, respectively, to phenolic C-OH vibrations and to
C-O stretching vibrations in guaiacyl units. The band observed at 1106 cm ™! is attributed
to in-plane C-H deformations of the aromatic skeleton in syringyl units, combined with
C-O stretching vibrations, typically reported for kraft lignin structures [21,44].

1718 cm ‘\ “ A |
3398 cm W Y\'/IN
2845 cm " |

I (a.u.)

2937 cm |
1605 cm J |

1325 cm U

— KL .
FKL 1106 cm

4000 35'00 30'00 25'00 20'00 15'00 1(;00
A (ecm™)
Figure 3. FTIR spectra of KL and FKL.

Table 1 presents the weight-average molar mass (My,) and polydispersity index
(PDI = My, /M) values obtained by GPC for KL and its ethyl acetate-soluble fraction
(FKL). The M, values observed for KL are consistent with those reported in the literature
for hardwood kraft lignin [21,45]. After fractionation, FKL exhibited a significant decrease
in My, compared with KL, decreasing from 2190 to 912 g/mol, along with a pronounced
reduction in PDI from 2.3 to 1.6. Similar trends of My, and PDI reduction following solvent
fractionation have been reported in the literature. Park et al. [46], in a study of milled wood
lignin, reported My, values of 8070 g/mol for the original lignin and 2410 g/mol for the
ethyl acetate-soluble fraction. For an organosolv lignin, the same authors reported My,
values of 4730 and 1470 g/mol, respectively. Consistently, Aradjo et al. [36] reported M,,
values of 4025 g/mol for kraft lignin and 1081 g/mol for its ethyl acetate-soluble fraction.
These results confirm the effectiveness of the fractionation procedure employed in this
study in reducing both the average molar mass and the polydispersity of lignin.
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Table 1. M,, and PDI of KL and FKL.

Sample M,y (g/mol) PDI
KL 2190 2.3
FKL 912 1.6

3.2. Pre-Curing Dispersion and Viscosity

Figure 4 presents optical micrographs of the dispersion of GO and of the 1:2 KL and
1:2 FKL hybrid nanocomposites. The sample containing only GO (Figure 4a) exhibits
a relatively homogeneous dispersion, although the presence of aggregates distributed
throughout the polymer matrix is evident. The formation of these aggregates is consistent
with results reported in the literature, indicating that at this GO concentration strong
interactions occur, mainly driven by van der Waals forces and 7t-7t interactions [18,47]. In
the hybrid nanocomposites, the formulation containing KL (Figure 4b) shows behavior
like that observed for the GO-only sample, with a high density of aggregates. In contrast,
the formulation containing FKL (Figure 4c) exhibits a clear reduction in aggregate density,
indicating more efficient interactions between GO, FKL, and the acrylate matrix.

(b) (c)

oo i oo o

Figure 4. Optical micrographs of resin formulations containing (a) GO, (b) 1:2 KL, and (c) 1:2 FKL.

The dispersion of lignin in the resin is governed by its interaction with the polymer
matrix [48]; however, the lower molecular weight of FKL plays a key role in this process.
The reduction in molecular weight leads to increased chain mobility [22,49], which favors
both stronger interactions with the matrix and more efficient intercalation between GO
sheets. As a result, the GO-FKL hybrid system exhibits a more homogeneous dispersion
within the photocurable resin.

Viscosity is a critical parameter in SLA-based printing, as it governs both the efficiency
with which the resin recoats the previously cured surface and the time required to prepare
the system for the next exposure step [33]. High viscosities delay resin flow into the volume
corresponding to the cured layer, increasing the recoating time and potentially exceeding
the exposure window of the subsequent layer, which can lead to defects and longer overall
printing duration [18]. According to the literature, resins used for SLA printing typically
operate within viscosity ranges between 200 and 1000 mPa-s [11]. Figure 5 shows the
viscosity—shear rate curves for the neat resin and for the compositions containing GO
and lignin, and all formulations fall within the ranges generally considered suitable for
SLA processing.
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Figure 5. Viscosity of the neat resin and resin formulations incorporating (a) GO and (b) lignin.

The neat resin exhibits Newtonian behavior across the entire shear-rate range eval-
uated, with a viscosity of 263 mPa-s at 1 s~!. The formulation containing GO presents
a moderate increase in viscosity (290 mPa-s at 1 s~1), suggesting effective interactions
between the resin and the oxygenated functional groups present on GO [50]. The addition
of GO also induces a deviation from Newtonian behavior at low shear rates, a trend pre-
viously reported for acrylic-based nanocomposites containing GO and attributed to the
formation of agglomerates within the polymer matrix [18].

The GO-KL hybrid formulations (Figure 5a) exhibit distinct responses depending on
lignin concentration. At low lignin content (1:0.5 KL), only minor changes in viscosity
were observed, although the formulation recovers a predominantly Newtonian profile.
The 1:1 KL composition shows a decrease in viscosity relative to GO, whereas the highest
lignin content (1:2 KL) results in the largest viscosity among the KL-containing formula-
tions. The viscosities at 1 s~! were 275, 264, and 297 mPa-s for the 1:0.5, 1:1, and 1:2 KL
samples, respectively.

In contrast, the GO-FKL formulations (Figure 5b) show a progressive increase in
viscosity as the FKL content increases, ranging from 263 to 307 mPa-s at 1 s~!. All FKL-
containing samples exhibit higher viscosities than their corresponding KL formulations.
An increase in viscosity with lignin content has been widely reported and is commonly
associated with the restriction of polymer-chain mobility imposed by lignin [51]. Sutton
et al. [33] similarly observed a continuous rise in viscosity upon addition of acrylate-
modified lignin, increasing from 440 to 1660 mPa-s at 15 wt.%.

This overall behavior suggests favorable interactions among the resin, GO, and FKL,
which are consistent with the lower molecular weight of the FKL fraction and corroborated
by optical micrographs. KL, on the other hand, exerts a less pronounced influence on
viscosity, with a marked increase only at the highest KL content (1:2 KL). A similar trend
was reported by Ibrahim et al. [52] for graphene-lignin hybrid composites in polyurethane-
based resins, where negligible viscosity changes were observed up to 3 wt.% hybrid loading.

Beyond viscosity, dispersion stability over printing time is another critical factor for
SLA-based processing of reinforced systems. Sedimentation tests were therefore performed
over a time interval ranging from 1 to 72 h to assess whether the formulations remain stable
over time, considering the residence time of the resin inside the printer.

Figure 6 shows representative images of the uncured neat resin and of resin formula-
tions containing GO, 1:2 KL, and 1:2 FKL as a function of time (additional time points are
shown in Figure S1). All formulations exhibit good visual stability during the first hour of
monitoring, which corresponds to the time required to complete the printing process. This
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behavior indicates sufficient dispersion stability over the relevant printing time and, when
combined with the suitable viscosity range discussed in Figure 5, suggests good potential
for defect-free printing with uniformly distributed reinforcements [34]. In addition, the
viscosity of these formulations was monitored over a 1 h interval and remained stable
during this period (Figure S2).

~~
9]
b 3 S
SN

Figure 6. Visual sedimentation stability of uncured (a) neat resin and resin formulations containing
(b) GO, (c¢) 1:2 KL, and (d) 1:2 FKL over time.

After 24 h of monitoring, slight sedimentation becomes noticeable in the formulation
containing GO, as highlighted by the red marking in Figure 6, and progressively increases
up to 72 h. In contrast, over the same time interval, the resin formulations containing 1:2 KL
or 1:2 FKL exhibit higher visual stability, with no evident phase separation. This behavior
can be attributed both to the higher viscosity of lignin-containing systems, which retards
particle sedimentation, and to favorable interactions between GO and lignin, such as m—m
interactions between aromatic rings and hydrogen bonding. These interactions hinder GO
re-agglomeration and, consequently, delay sedimentation within the resin matrix [20,52].

3.3. Hybrid Nanocomposites
3.3.1. Mechanical Properties

Figure 7a presents the Young’s modulus values obtained for the 3D-printed specimens.
The neat resin exhibited the highest stiffness among all formulations, with a Young’s
modulus of 2.25 GPa. The incorporation of GO led to a reduction in stiffness, with the
GO-only formulation reaching a modulus of 1.86 GPa, corresponding to a decrease of
approximately 17% relative to the neat resin.
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Figure 7. (a) Young’s modulus, (b) ultimate tensile strength, and (c) elongation at break of hybrid
nanocomposites containing GO and lignin.

The hybrid formulations containing lignin showed a further decrease in elastic mod-
ulus. At low lignin contents, the 1:0.5 KL and 1:0.5 FKL formulations exhibited slightly
lower modulus values than the GO-only system, reaching 1.80 and 1.71 GPa, respectively.
As the KL content increased, a more pronounced reduction in stiffness was observed, with
the 1:2 KL formulation exhibiting the lowest Young’s modulus among all tested samples.
Both KL- and FKL-based nanocomposites exhibited a similar decreasing trend in elastic
modulus with increasing lignin content.

The ultimate tensile strength (UTS) results for the 3D-printed nanocomposites are
reported in Figure 7b. The neat resin reached about 26 MPa, while the incorporation of GO
increased this value to about 29 MPa. At low lignin contents, a pronounced synergistic
effect was observed between GO and lignin. Both the 1:0.5 KL and 1:0.5 FKL formulations
reached UTS values close to 36 MPa, representing the highest tensile strengths among all
samples and surpassing both the neat resin and the GO-only formulation. This behavior
may be associated with more effective stabilization of GO at low lignin contents and a
reduced tendency of the polyphenols to form agglomerates under these conditions. Similar
trends were reported by Hu et al. [20], who observed a strong synergistic reinforcing effect
in PVA composites containing GO-alkaline lignin hybrid fillers, with increases of 84% in
tensile strength and 335% in Young’s modulus at a GO-AL ratio of 1:4 and a total filler
content of 4 wt.%.

As the polyphenol content increased, a progressive reduction in UTS was observed
relative to the low-content formulations. Despite this decrease, most compositions still ex-
hibited tensile strengths comparable to or higher than that of the neat resin and the GO-only
system. The main exception was the 1:2 KL formulation, which showed a marked deteriora-
tion in tensile strength, decreasing to approximately 23 MPa. Overall, these results indicate
that increasing lignin content leads to a gradual loss in tensile strength, while the use of the
low-molecular-weight fraction mitigates this effect relative to unfractionated lignin.

The improved tensile performance of the FKL-based formulations may be related to
the lower molecular weight and higher mobility of this fraction. These characteristics may
favor intercalation between GO flakes, promoting more effective stabilization and limiting
the formation of mixed agglomerates. In contrast, unfractionated lignin tends to aggregate
more extensively at higher contents, leading to the formation of larger domains that act as
stress concentration sites and ultimately reduce tensile strength. This behavior is consistent
with the sharper decline in UTS observed for the KL-based formulations [32,53].

Figure 7c summarizes the elongation at break values measured for the nanocomposite
formulations. The neat resin reached about 1.4%, reflecting the brittle behavior expected
for highly crosslinked photocurable materials [4,5]. The incorporation of GO alone led to a
modest increase in deformability, reaching around 2.2%. In comparison to GO, the addition
of lignin resulted in a more substantial increase in elongation at break. The KL-based
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formulations reached approximately 4.4% (1:0.5 KL), 4.5% (1:1 KL), and 5.0% (1:2 KL),
while the FKL-based nanocomposites showed the highest elongation values, reaching 6.1%
for 1:0.5 FKL, followed by 3.1% (1:1 FKL) and 4.3% (1:2 FKL).

Although KL and FKL are intrinsically rigid materials, their incorporation prominently
increased the deformability of the 3D-printed nanocomposites, likely due to a reduction in
the effective crosslink density of the resin [32,34]. These results indicate that both KL and,
more prominently, FKL promote increased deformability of the 3D-printed nanocomposites,
which is likely associated with increased toughness in these nanocomposites [31-33].

3.3.2. Viscoelastic Properties

Figure 8 shows the storage modulus (E') and damping factor (tan & = E” /E’) curves
for the GO-KL (Figure 8a) and GO-FKL (Figure 8b) formulations. All samples exhibit a
similar general profile, characterized by a vitreous plateau at low temperatures followed
by a marked decrease associated with increased polymer-chain mobility, and finally the
emergence of a rubbery plateau at approximately 100 °C. This latter region is typically
associated with the crosslink density of the network [18,54]. The E’ values at 140 °C are
summarized in Table 2, where a slight increase in modulus can be observed upon addition
of GO. Garcia et al. [18] discussed the influence of GO on the crosslink density of an acrylate-
based resin and attributed changes in modulus to two concurrent effects: a decrease in
curing density, which would reduce crosslink density and thus lower E, and the intrinsic
stiffness of the nanomaterial, which tends to increase E’ relative to the polymeric matrix.

(b)
10°4—
w Q@ 10% o
C c
§ = &
_— - -—
w
10" 4
10° : : ; : : 0.0 10° : : T . . 0.0
20 40 60 80 100 120 140 20 40 60 80 100 120 140
T(°C) T(°C)

Figure 8. E’ (solid lines) and tan § (dashed lines) curves of (a) GO-KL and (b) GO-FKL hybrid
nanocomposites.

Table 2. Values of Storage modulus (E’) and Tg from DMA.

Sample Tg (°C) E’ at 140 °C (MPa)
Neat 85.4 52.7
GO 80.8 53.1
1:0.5 KL 76.8 46.0
1:1 KL 77.8 37.1
1:2KL 71.5 34.7
1:0.5 FKL 75.8 38.8
1:1 FKL 73.1 39.8
1:2 FKL 70.0 31.0

For the hybrid GO-lignin nanocomposites, a clear decrease in E’ is observed as lignin
content increases, reaching 34.7 and 31.0 MPa for the KL- and FKL-containing formulations,
respectively, compared with 52.7 MPa for the neat resin. This decreasing trend is noteworthy,
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particularly because lignin is intrinsically rigid and has often been associated with increases
in E’ when incorporated into polymer matrices [55]. In this system, however, the observed
reduction indicates a decrease in crosslink density. A similar conclusion was drawn by
Zhang et al. [32] when examining a commercial methacrylate resin reinforced with softwood
kraft lignin, where a decrease in crosslink density was attributed to the UV-absorbing
capability of lignin.

The tan  curves provide insight into polymer-chain mobility, with the peak position
corresponding to the glass transition temperature (Ty), reported in Table 2. The neat resin
exhibits a Tg of 85.4 °C, which decreases to 80.8 °C upon addition of GO. The hybrid
nanocomposites show a continuous decrease in Tg with increasing lignin content, an effect
more pronounced for the FKL formulations, with Tg values of 71.5 and 70.0 °C for the 1:2 KL
and 1:2 FKL samples, respectively. In polymer composites, a classical mechanism involves
an increase in Tg due to reduced chain mobility induced by rigid fillers, behavior that has
also been reported in lignin-containing systems [48,56]. However, similar Ty reductions
have been previously observed in SLA systems. Colucci et al. [34] reported a decrease in Tg
from 15 to 10 °C upon addition of 10 phr of softwood kraft lignin to a soybean-oil-based
resin, which was attributed to a reduction in crosslink density. This interpretation aligns
with the trends observed in the rubbery plateau as well as with the mechanical behavior,
where decreases in elastic modulus and increases in deformability were detected.

The more pronounced Tg reduction observed for the FKL-containing samples can be
rationalized by the lower molecular weight of FKL, which promotes improved interaction
with the polymer matrix, as supported by the optical micrographs and viscosity data, while
providing a reduced ability to restrict polymer-chain mobility when compared with the
higher-molecular-weight KL.

3.3.3. Curing Conversion Analysis

The degree of cure of the resin formulations containing GO and lignin was evaluated
by FTIR spectroscopy. Figure 9 presents the FTIR spectra of the neat resin as well as of the
formulations containing GO and the highest lignin contents (1:2 KL and 1:2 FKL), analyzed
in both the uncured and cured states.
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—— Neat uncured
—— Neat cured
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GO cured / \/\/‘\ A A o M—V /\\ = &
s \ /’\ TN
N
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Figure 9. FTIR spectra of uncured and cured neat resin and resin formulations containing GO, 1:2 KL,
and 1:2 FKL.

The FTIR spectra display the characteristic bands of the acrylic resin, with prominent
absorptions associated with ester groups at 1727 cm~! (C=0), 1638 cm~! (C=C), and
1160 cm~! (C-O-C) [13]. The incorporation of GO and lignin does not result in significant

https:/ /doi.org/10.3390 /nanomanufacturing6020013


https://doi.org/10.3390/nanomanufacturing6020013

Nanomanufacturing 2026, 6, 13

14 of 19

changes in the overall spectral profile of the resin, which can be attributed to peak overlap
among the components and to the relatively low concentration of the nanofillers. Similar
observations have been reported for photocurable resins containing lignin at concentrations
up to 3 wt.% [51].

The influence of the fillers on the curing process can be assessed by monitoring the
decrease in the absorption bands associated with vinyl double bonds (=CHy), located at
1407, 983, and 809 cm ™1, as highlighted in Figure 9. The degree of conversion (DC) was
estimated by tracking the reduction in the absorbance ratio between the band at 809 cm ™!
(Asggo) and the ester carbonyl band at 1727 cm ™! (A1797) before and after curing, according

to Equation (1) [51]:

(Agoo/ A1727),, — (Agoo/ A1727),
(Agoo/ A1727),

DC(%) = x 100, (1)
where the subscripts u and c refer to the uncured and cured states, respectively.

The neat resin exhibits a DC of 93%, in agreement with values previously reported
in the literature [51]. Upon incorporation of GO, the DC decreases to 86.8%, indicating a
partial inhibition of the photopolymerization process. The hybrid formulations containing
lignin show DC values comparable to that of the GO-containing system, with values of
87.3% and 88.0% for the 1:2 KL and 1:2 FKL samples, respectively.

The reduction in DC observed upon addition of GO and lignin can be attributed
to the ability of both components to absorb UV radiation, thereby competing with the
photopolymerization process [13,51]. This effect is consistent with the decrease in Ty
observed by DMA (Table 2) and supports the interpretation of a reduced effective crosslink
density. Importantly, the incorporation of lignin into the GO-containing formulations does
not lead to a further decrease in DC, indicating that the mechanical trends observed for the
hybrid nanocomposites are not primarily governed by incomplete curing, but rather by the
synergistic interaction between GO and lignin within the cured network.

3.3.4. Fracture Surface

Figure 10 presents the fracture surfaces of the neat resin and the hybrid nanocompos-
ites. The neat resin exhibits a typical brittle fracture behavior, with a relatively smooth
surface and crack propagation features across the microstructure [14]. The fracture surface
of the sample containing only GO (Figure 10b) exhibits the coexistence of cleavage planes
and localized deformation bands, indicating a transition from the typically brittle behavior
of the acrylic resin to a semi-ductile regime [18]. This effect is associated with the presence
of GO sheets, which interfere with crack propagation by promoting crack deflection and
branching, thereby increasing energy dissipation during fracture [57,58]. GO agglomerates
can also be observed within the polymer matrix, as indicated by the arrows.

A similar morphology is observed for the hybrid nanocomposite containing a low
lignin content (1:0.5 KL, Figure 10c). However, at higher KL contents (1:2 KL, Figure 10d)
and in the FKL-containing formulations (Figure 10e,f), the fracture surfaces display a lower
prevalence of well-defined cleavage planes and a higher density of shear bands. These
features indicate an increased capacity for energy dissipation prior to fracture and suggest a
greater contribution of plastic deformation mechanisms compared with brittle fracture. The
more pronounced shear-banding observed for the FKL-containing samples is consistent
with the enhanced chain mobility inferred from the DMA results.
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Figure 10. SEM micrographs of fracture surface of (a) neat resin and hybrid nanocomposites contain-
ing (b) GO, (c) 1:0.5 KL, (d) 1:2 KL, (e) 1:0.5 FKL, and (f) 1:2 FKL. Arrows indicate GO agglomerates.

In addition, the hybrid nanocomposites exhibit a lower apparent density of GO
agglomerates, as indicated by the arrows, which is consistent with the improved dispersion
stability discussed previously and supports the role of GO-lignin interactions in hindering
GO re-agglomeration. Overall, the fracture surface morphology agrees well with the
mechanical performance, particularly the increased elongation at break and higher tensile
strength observed for the FKL formulations, indicating a more effective interaction among
the components within the hybrid nanocomposite.

4. Conclusions

This work investigated the co-incorporation of graphene oxide (GO) and kraft lignin,
including a low-molecular-weight lignin fraction (FKL), into acrylate-based photocurable
resins processed by stereolithography. By combining structural, rtheological, mechanical,
and viscoelastic analyses, this study provides a comprehensive assessment of how hybrid
GO-lignin systems influence both processing behavior and the resulting performance of
SLA-printed materials.

Structural characterization confirmed the successful synthesis of GO and highlighted
the effective fractionation of kraft lignin, yielding a fraction with significantly reduced
molar mass and polydispersity. Pre-curing analyses demonstrated that all formulations
maintained viscosities within ranges suitable for SLA processing, while optical microscopy
revealed that the presence of FKL promoted a more homogeneous dispersion of GO
compared with unfractionated lignin. This behavior was attributed to the lower molecular
weight and higher mobility of FKL, which favor interactions with both the resin matrix
and GO sheets. In addition, resin formulations containing GO-lignin hybrids exhibited
improved dispersion stability over time compared with the formulation containing only
GO, further indicating enhanced interactions within the hybrid system.

Mechanical testing showed that low lignin contents produced a pronounced syn-
ergistic effect with GO, leading to substantial improvements in tensile strength while
maintaining acceptable stiffness. Although increasing lignin content resulted in reduced
elastic modulus, a marked enhancement in elongation at break was observed, particularly
for FKL-containing formulations. These trends were corroborated by DMA results, which
revealed a reduction in effective crosslink density and glass transition temperature, as well
as by fracture surface analysis. These findings were further supported by FTIR spectroscopy,
which indicated similar degrees of conversion among the nanocomposites, reinforcing that
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the observed mechanical performance arises from synergistic interactions within the hybrid
system rather than from differences in curing efficiency.

Opverall, this study demonstrates that the use of a low-molecular-weight lignin fraction
represents an effective strategy to tailor dispersion, mechanical response, and toughness in
GO-containing photocurable resins, while preserving printability. These findings highlight
the potential of hybrid GO-lignin systems as a versatile approach for designing advanced
SLA materials with balanced mechanical performance and enhanced functionality.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nanomanufacturing6020013/s1; Figure S1: Visual sedimentation
stability of uncured resin formulations; Figure S2: Time-dependent viscosity measurements.
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