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Improving the sustainability of polymer composites is a pressing priority, particularly in reducing
reliance on fossil-derived components and minimising environmental impact during synthesis. Lignin, an
abundant and renewable natural polymer, offers significant potential as a bio-based additive due to its ar-
omatic structure and intrinsic functionality. Conventional methods for incorporating lignin into polymer
matrices often rely on non-sustainable, solvent-based routes, leading to poor dispersion and aggregate
formation due to lignin's incompatibility with polymers. This study presents a more sustainable approach
using waterborne, in situ semicontinuous miniemulsion polymerisation to integrate lignin (0.5—1 wt%) in-
to (meth)acrylic matrices. The resulting composite films, formed via water evaporation, exhibited en-
hanced UV and visible light absorption, improved mechanical strength, particularly at 1 wt% lignin, and
increased thermal stability even at low loadings. Despite lignin's hydrophilicity, the composites demon-
strated reduced water permeability. Ultraviolet degradation studies showed that lignin's chromophoric
groups generate free radicals under UV exposure, triggering controlled photodegradation of both lignin
and polymer phases. This controlled breakdown, combined with the composite's enhanced structural in-
tegrity, highlights lignin's dual function: reinforcing the material under standard conditions while enabling
degradation under specific environmental stimuli.
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JABOJHA YJIOT'A HA JIMTHUHOT BO BOAOAUCIIEP3UBUJIHU ITOJIUMEPHU KOMIIO3UTU:
3AJAKHYBAILE U JETPAJJALIUJA ITIPEAN3BUKAHA O HAJABOPEIIIHU BJIMJAHUJA

IonoOpyBamkeTo Ha OAPIKIMBOCTA HA MOJIMMEPHHUTE KOMIIO3UTH € Ba)KEH MPUOPHUTET, TOCEOHO BO
HaMaJIyBambeTO Ha 3aBUCHOCTA O]l pecypcu JT00MeHH ol JOCHITHH TOPHBa U HAMAJYBamETO Ha BIIUjaHUETO
Bp3 )KMBOTHATA CPE/IMHA 33 BpeMe Ha CHHTe3ara. JIMHWHOT, OOHOBIIMB TIPUPOCH MOJHMED KOj 'O MMa BO
M300MIICTBO, TIOCEIyBa TOJIEM TOTEHIHMjaJl Kako Onoba3upaH aguTHB IOpagd HETroBaTa apoMaThyHa
CTPYKTYpa U BUCOKAa (yHKIHOHAIHOCT. KOHBEHIIMOHAIHUTE METOIM 32 MHKOPIIOPHPAke Ha JIMTHUH BO
MOJIMMEPHHM MaTPHIIM YecTonaTu ce 0aszupaar Ha HEOIPIKIIMBH METOAU Oa3MpaHW Ha PacTBOPYBAuH, IITO
JI0BeNyBa /10 cinaba qucnepsuja v (opMUpamke Ha arperard Nopaad HeKOMIAaTHOMITHOCTA Ha JIMTHUHOT CO
nonmumepure. OBa HCTpakyBame, CO KOPUCTEHC Ha BOJOAWCIICP3MOMIIHA, in Sifu TONYKOHTHHYHpaHa
MHUHHEMY/I3UCKA IMOJIMMepH3anuja IeMOHCTPUPa TOOAPKINB MIPUCTANl KOH WHKOPIOPUpPAame Ha JIMTCHUH
(0,5 — 1 macenu %) Bo (MeT)akpwiHM Marpuiy. JJoOMeHHTEe KOMIIO3UTHH (UIMOBH, (JOPMHUPAHU NPEKY
ucrapyBame Ha BOJa, NOceAyBaa IojnoOpeHa arcoprnuuja Ha YB W BuaiMBa CBETIMHA, MOJOOpEHA
MEXaHUYKa [BPCTHHA, 0cOOCHO TpH | MaceH % JIWrHUH, U 3rojieMEHa TepMHYKa CTaOWIHOCT AypH | IIpU
HHUCKM KOHLEHTpauuu. V mokpaj XuIpoGuiIHOCTa Ha JIMTHUHOT, KOMIIO3UTHTE IIOKakaa HamajeHa
audysuja Ha Boja. lMcmuTyBameTo IOBp3aHO €O Jerpajalyjara NpeIu3BUKaHA OJ YIATPAaBHOJIETOBA
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CBETIMHA yKa)ka Ha Toa JieKa XpOMO(OpHHUTE IPyIH Ha JTUTHUHOT 'eHEpHpaaTr cI000JHN pajuKaad mpu
U3JI0KEHOCT Ha Y B—3paueme, npean3BuKyBajku KOHTpoIMpaHa (oroaerpasanyja v Ha JIMTHUHOT, HO M Ha
nonuMmepHata Qaza. OBa KOHTPOJIMpPaHO pacnarame, BO KOMOHMHAIMja CO IMOJOOPEHHOT CTPYKTYpEeH
MHTEIPUTET Ha KOMIIO3UTOT, ja WCTaKHyBa [BOjHaTa (YHKIMja Ha JMTHUHOT: 3ajakHyBambe Ha
MarepHjaioT Mo CTaHAAPJHU YCIIOBH, a BOEJHO OBO3MOXKYBa Jerpajalyja moJ crenupuIHd BIIMjaHH]ja

OJ1 )KUBOTHATa CpE€AuHa.

Kiy4yHu 300poBM: JTUTHYH; OAPKIMBH MaTEpHjajll; MOJMMEPHH KOMIIO3UTH; Y B-nerpananuja

1. INTRODUCTION

Modern life is deeply dependent on the use
of polymers and polymer-based composites, large-
ly due to their low production costs and wide-
ranging functional properties. However, most of
these materials are still derived from non-
renewable petroleum resources.'? This dependency
not only accelerates the depletion of finite natural
reserves but also exacerbates environmental chal-
lenges, negatively impacting human health and
overall quality of life.

A more sustainable strategy for producing
polymers and their composites involves the gradual
replacement of petroleum-based monomers and
synthetic fillers, typically obtained via chemical
synthesis or the intensive processing of raw mate-
rials such as metal oxides or organic substances,’
with renewable alternatives. These renewable feed-
stocks are often by-products of other industrial
processes and offer several key advantages, includ-
ing lower extraction costs, recyclability, and bio-
degradability.">*

Lignin is one of the primary components of
lignocellulosic biomass® and is commonly generat-
ed as a by-product in various industries, including
pulp and paper, tobacco, and agriculture. Accord-
ing to Fabbri et al., global lignin production is ap-
proximately 100 million tonnes annually.® In 2023,
the global lignin market was valued at $1.08 bil-
lion USD and is projected to grow at a compound
annual growth rate (CAGR) of 4.5 % between
2024 and 2030.7 Despite this substantial produc-
tion, a large portion of lignin is either discarded to
landfills or used as a low-value energy source.’
However, when lignin derived from waste streams
is repurposed, it supports sustainability by reduc-
ing waste and enabling the development of value-
added products. This approach not only reduces
reliance on fossil resources but also contributes to
lower greenhouse gas emissions and advances the
principles of a circular economy.

Lignin is a natural polymer characterised by
a complex aromatic structure that varies depending
on its source.?’ Its polymeric framework is primar-
ily composed of three monolignols: sinapyl alco-

hol, coniferyl alcohol, and p-coumaryl alco-
hol,**!®which are interconnected through arylglyc-
erol ether bonds. The relative abundance of these
monolignols depends on the origin of the raw ma-
terial from which the lignin is extracted.

Lignin's complex chemical structure endows
it with a wide range of properties, making it highly
researched for diverse applications.*!" For exam-
ple, its antioxidant properties make lignin an ideal
filler for synthesising composites with enhanced
oxidative stability.!"" Additionally, its high ther-
mal stability renders it a suitable filler for compo-
sites with reduced flammability.?>*> Lignin's anti-
microbial activity further broadens its potential in
the field of biomaterials.?*2® Moreover, its intricate
structure and the presence of functional groups,
including as hydroxyl, carbonyl, and methoxy
groups, make lignin an effective adsorbent for both
organic and inorganic water pollutants.?

Additionally, the incorporation of lignin into
composite films significantly accelerates the deg-
radation of polymer/lignin composites, particularly
under UV exposure and humid conditions, due to
its ability to absorb UV radiation through chromo-
phoric groups.*¢ This UV absorption leads to the
generation of reactive species, including free radi-
cals and p-quinone structures, which initiate pho-
todegradation in both the lignin and polymer phas-
es. These reactive intermediates promote chain
scission within the polymer matrix, resulting in the
breakdown of long polymer chains and the for-
mation of new functional groups such as carbonyl
and vinyl groups. Moreover, lignin's chemical
structure, inherent hydrophilicity, and physical in-
teractions with the polymer matrix enhance mois-
ture absorption. This increased moisture uptake
accelerates degradation by promoting hydrolysis
and elevating the composite's chemical reactivi-
ty.>336 Lignin incorporation also alters the crystal-
linity of the composite and disrupts the polymer
network, making the material more susceptible to
enzymatic degradation and further environmental
deterioration.*® Therefore, the presence of lignin in
these composites forms the foundation for develop-
ing various pathways for triggered degradation and
sustainable recycling.
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Lignin-based polymer composites are typi-
cally prepared through melt mixing or solution
mixing >12-1417.19.22.26-2837 However, these conven-
tional methods present several notable limitations.
Melt mixing, for example, requires high processing
temperatures ranging from 160 to 210 °C,5%14.15.23
while solution mixing often involves the use of
toxic organic solvents such as tetrahydrofuran,'t
chloroform,'® dioxane,?” and dimethyl sulfoxide.?®
Another major drawback of these methods is the
frequent inability to achieve a uniform dispersion
of lignin within the polymer matrix.*® This chal-
lenge is largely due to lignin's inherent tendency to
agglomerate, driven by its complex chemical struc-
ture.? Poor dispersion can significantly compromise
the performance and properties of the final compo-
site material.

In situ polymerisation offers a promising al-
ternative to overcome filler dispersion challenges.
This approach involves integrating the filler be-
tween polymer chains during the polymerisation
process, which prevents agglomeration and en-
hances compatibility with the polymer matrix.*
However, conventional in situ methods remain
cumbersome, often requiring prior chemical modi-
fication of lignin****%° and involving lengthy, mul-
ti-step procedures.>* To bypass these limitations,
aqueous dispersed polymerisations have been ex-
plored, where emulsifiers stabilise lignin in water
prior to polymerisation, promoting its dispersion in
the polymer matrix. Miniemulsion polymerisation
offers enhanced control over particle size, polymer
properties, and morphology, making it a preferred
method for synthesising polymers and polymer-
based composites.*'** Only two studies to date
have attempted this strategy with lignin using
miniemulsion and emulsion polymerisations.*-*
Both reported procedures suffered from critical
drawbacks, including multi-step initiator addition
schemes, discontinuous lignin, and extended reac-
tion times (up to 6 h). Such discontinuous process-
es not only complicate operation but also under-
mine reproducibility, while conversions remained
highly dependent on lignin type and concentra-
tion.** At 0.7 wt% kraft lignin, conversion re-
mained low (~20%), while 0.7 wt% lignosulfonate
achieved ~70%.* In another study, conversion
reached ~67% with 1 wt% kraft lignin (3 h, initia-
tor every 20 min), but dropped to ~53-55% at 2
wt% depending on polymerisation time (3 and 6
h).** Both methods relied on discontinuous reactant
additions, limiting reproducibility.

The present study introduced an optimised
and more robust approach to overcome these limi-
tations. (Meth)acrylic monomers with film-
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forming potential were polymerised via miniemul-
sion in the presence of surfactant-stabilised lignin,
but with a key adjustment: lignin was continuously
introduced through controlled dropwise feeding
during the polymerisation process. This simple,
effective reaction engineering strategy fundamen-
tally improved continuity and reproducibility by
avoiding batch-wise lignin or initiator additions.
Moreover, by maintaining lignin at low instantane-
ous concentrations, its radical scavenging activity
was mitigated, enabling high monomer conver-
sions even at 0.5 — 1 wt% lignin loading—levels
where previous methods showed dramatic conver-
sion losses. Beyond improving process efficiency
and scalability, this strategy produced stable, film-
forming aqueous dispersions with well-dispersed
lignin, while simultaneously imparting tuneable
functional properties, including UV-triggered re-
cyclability. In doing so, the study established a ver-
satile and scalable synthesis route that directly ad-
dressed the shortcomings of earlier approaches and
advanced the design of sustainable lignin—polymer
nanocomposites. The simplicity of the continuous
lignin addition, combined with waterborne disper-
sions and low lignin loadings, suggested that this
approach could be readily adapted to industrial-
scale production, providing a sustainable route for
producing functional polymer composites for ap-
plications such as coatings, packaging, and films.

2. EXPERIMENTAL SECTION
2.1. Materials

An aqueous dispersion of lignin was pre-
pared using kraft lignin (hereafter abbreviated as
L) and sodium dodecyl sulphate (SDS, 98 % puri-
ty) as the surfactant, both obtained from Sigma-
Aldrich. St. Louis, MO, USA. The neat polymer
and the composites were synthesized using methyl
methacrylate (MMA, 99 % purity), butyl acrylate
(BA, 99 % purity), and acrylamide (Aam, 99 %
purity), all purchased from Sigma-Aldrich, St.
Louis, MO, USA. Stearyl acrylate (SA, 97 % puri-
ty) from Sigma-Aldrich, St. Louis, MO, USA
served as the costabiliser. Dowfax 2A1 solution
(45 %, alkyldiphenyloxidedisulfonate) from Dow
Chemical Company, Midland, MI, USA was used
as an additional surfactant. Azobisisobutyronitrile
(AIBN, 98 % purity) from Sigma-Aldrich, St. Lou-
is, MO, USA acted as the initiator. Deionised wa-
ter, BIOBASE Deionized Water Purifier (13~16
MQ-cm) was utilised throughout the experiments.
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2.2. Methods
2.2.1. Aqueous dispersion of lignin

An appropriate amount of SDS (L:SDS
weight ratio of 1:1) was dissolved in deionised wa-
ter and stirred for 30 minutes. Lignin was then add-
ed at concentrations of 0.5 wt% and 1 wt% relative
to the monomer content. The resulting dispersion
was homogenised using a tip sonicator (UP200Ht,
Hielscher Ultrasonics GmbH, Germany) in an ice
bath under the following conditions: 70 % ampli-
tude, 50 % duty cycle, 10 minutes of effective soni-
cation time, and continuous agitation at 200 rpm.

2.2.2. In situ miniemulsion polymerisation

The monomers MMA, BA, and AAm were
combined in a weight ratio of 49.5 : 49.5 : 1, to-
gether with the stabiliser SA, (6 wt% based on
monomers) and the initiator AIBN (0.5 wt% based
on monomers). The mixture was stirred until the
AAm, SA, and AIBN were fully dissolved.
Dowfax surfactant (2 wt% based on monomers),
pre-dissolved in water, was then added to the beak-
er. The monomer content was adjusted to obtain a
total solids content of 20%. The mixture was ho-

‘lCI

(S N
Preparation of Preparation of
miniemulsion  lignin dispersion

mogenised using a tip sonicator under the follow-
ing conditions: 70 % amplitude, 50 % duty cycle,
15 minutes of effective sonication time, and con-
tinuous agitation at 200 rpm. The beaker was
placed in an ice bath during homogenisation to
maintain low temperature. The prepared miniemul-
sion was transferred to a 250 ml glass reactor
equipped with a water bath for heating. The
miniemulsion was stirred continuously, and nitro-
gen was bubbled through the system for the first 2
minutes to remove dissolved oxygen. The
polymerisation reaction was initiated once the
miniemulsion reached 70 °C. Lignin was incorpo-
rated using a feeding approach, where an aqueous
lignin dispersion was added dropwise into the
miniemulsion. Feeding began 10 minutes after the
miniemulsion reached 70 °C and continued at a
flow rate of approximately 0.875 g/min for 40
minutes. After lignin addition was complete,
polymerisation proceeded for a further 40 minutes.
Scheme 1 illustrates the in situ miniemulsion syn-
thesis of lignin/polymer composites.

A neat (lignin-free) polymer was prepared
under identical conditions, with the total water
content introduced directly into the miniemulsion
at the start. Table 1 summarises the formulations
used for synthesising each sample.

Lignin = 0.5 and 1 wi%
- " based ch monomers
Feeding rate of lignin
- =0.875 g/min
] W
) ; — m Nitrogen inlet

Monomer system - MMA, BA, AAm

Scheme 1. In situ miniemulsion synthesis of lignin/polymer composites

Table 1
Formulations for the synthesis of the samples
Sample Miniemulsion (g)
P MMA BA AAm SA AIBN Dowfax Water
P(MMA/BA/AAm) 9.5 9.5 1 1.2 0.1 0.4 80
0.5 wt% L/P(MMA/BA/AAm) 9.5 9.5 1 1.2 0.1 0.4 50
1wt% L/P(MMA/BA/AAm) 9.5 9.5 1 1.2 0.1 0.4 50
Feeding batch (g)
Sample Lignin SDS Water
P(MMA/BA/AAm) / / /
0.5 wt% L/P(MMA/BA/AAm) 0.1 0.1 30
1wt% L/P(MMA/BA/AAm) 0.2 0.2 30
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Monomer conversion was monitored gravi-
metrically by weighing the neat polymer and com-
posite dispersions before and after drying at room
temperature for 48 h. The dispersions were cast

0 wt%

0.5 v_\(t%

into silicone moulds and dried under ambient con-
ditions (23°C and 55 % humidity) over five days.
Figure 1 illustrates the free-standing films of the
neat polymer and the composites.

1 wt%

Fig. 1. Free-standing films of the neat polymer (0 wt%) and composites containing 0.5wt% and 1wt% lignin

2.3. Characterisation

The successful incorporation of lignin into
the polymer matrix was verified by obtaining infra-
red spectra of the solid composite films with Fou-
rier transform infrared spectroscopy (FTIR)
equipped with attenuated total reflection (ATR)
(PerkinElmer Spectrum 100, Shelton, CT, USA),
operating over 20 scans. The scanning range ex-
tended from 4000 to 650 cm™'. The spectra were
analysed using OMNIC software (Thermo Fisher
Scientific, Waltham, MA, USA).

To assess the influence of lignin on absorp-
tion in the ultraviolet and visible regions, the com-
posites were examined using ultraviolet—visible
spectroscopy (UV—Vis) (UV-Mini 1240 Shimadzu,
Kyoto, Japan). The spectra were processed using
UVProbe 2.42 software.

To eliminate the effect of sample thickness
on UV and visible light absorption, the absorption
coefficient, o [em™'], was calculated using Equa-
tion 1:%

a=2303x é (1)
d

where A represents absorbance and d denotes the
sample thickness. The average thickness of sam-
ples, based on three measurements, is reported in

Table 2.
The composite's ability to absorb UV and
visible light was quantified via band gap energy
using Tauc plots, which relate the absorption coef-
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ficient to the optical band gap (£E;), as shown in
Equation 2:

ahv = B(hv — Eg)m (2)

where /4 denotes Planck's constant (6.62607015 x
1073 m? kg/s), v is the frequency, B (proportionali-
ty constant) is the slope of the linear portion of the
Tauc plot, constant, and m is a parameter defining
electron transition. For direct allowed transitions
(E4a), m = 2; for indirect allowed transitions (£i,),
m="%%

Table 2
Thickness of the samples
Sample Thickness (mm)
P(MMA/BA/AAm) 0.90
0.5 wt% L/P(MMA/BA/AAm) 0.54
1wt% L/P(MMA/BA/AAm) 0.68

The morphology of the composites was ana-
lysed using scanning electron microscopy (SEM).
A Quanta 250 e — SEM (Philips Tecna, FEI, Eind-
hoven, Netherlands) instrument was employed for
this purpose. Cross-sectional images were obtained
from films fractured in liquid nitrogen and then
sputter-coated with gold to improve conductivity
and minimising charging artifacts.

The contact angle of the samples with dis-
tilled water, together with surface energy, was de-
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termined using See System E instrument (Advex
Instruments, Brno, Czech Republic) via the sessile
drop method, analysed with See System E soft-
ware. Images were captured using a Colour 2Mpix
(1600x1200) UVC camera with a high-resolution
glass objective lens. Surface energy was calculated
using the Owens—Wendt model*® with distilled wa-
ter and ethylene glycol as probe liquids. The re-
ported values for both contact angle and surface
energy represented the average of fifteen individu-
al measurements.

The thermal stability of the samples was as-
sessed using thermogravimetric analysis (TGA)
(TA Instruments Q500, New Castle, DE, USA).
The test conditions consisted of heating the sample
from 40°C to 800°C at a rate of 10 °C/min. The
obtained results were processed using TA Univer-
sal Analysis software. Temperatures corresponding
to 1 %, 10 %, and 50 % mass loss, as well as the
percentage of mass loss at the maximum degrada-
tion temperature, were recorded. The first deriva-
tive of the weight-loss curve (derivative thermo-
gravimetry- DTG) was calculated with OriginPro
2018 (64-bit) software, (Version [SR1 b9.5.1.195]
OriginLab Corporation, Northampton, MA, USA)
for detailed thermal analysis.

To examine the influence of lignin on me-
chanical properties, the composites and neat poly-
mer underwent elongation testing using a Univer-
sal AutoGraph testing instrument (SHIMADZU
25T type AGX, Japan). The distance between the
instrument holders was set at 50 mm and the test
speed was maintained at 10 mm/min. Prior to test-
ing, the samples were cut into a standardised dog-
bone shape (Fig.1) using a hydraulic press, and
their thickness was measured before testing. Me-
chanical parameters such as Young's modulus,
yield strength, tensile strength, and maximum
strain at break were calculated using TrapeziumX
software. Young's modulus was determined within
a stress range of 0.01 — 0.1 MPa, and yield strength
was defined at 0.2 % strain. Sample toughness was
estimated by integrating the stress-strain curve area
using OriginPro 2018 (64-bit) software (Version
[SR1 b9.5.1.195] OriginLab Corporation, North-
ampton, MA, USA). All reported values represent-
ed the average of three independent measurements.

To assess the effect of lignin on UV stability,
the polymer and composites were aged under 366
nm UV radiation at ambient conditions (25°C and
55 % relative humidity) for 364 hours. For this
purpose, a UV lamp hand device manufactured by
P-LAB (Prague, Czech Republic) was employed.
The device utilizes an internal UV discharge lamp
operating at its long-wave UV-A peak of 366 nm.

The lamp was operated to deliver an irradiation
power of 550 mW/cm? on the sample surface,
measured at a distance of 15 cm. Photodegradation
progress was monitored by analysing the samples
with the FTIR-ATR spectrometer setup. With
OMNIC software, the areas of the spectral bands
related to the hydroxyl (3700 — 3060 ¢m™) and
ether functional group (1333 — 1075 cm™) were
quantified, and the peak height of the characteristic
carbonyl band (1730 cm ') was measured. The ex-
periments were performed in triplicate.

Water uptake was assessed by submerging
five samples of the neat polymer and composites in
distilled water for 336 hours at room temperature.
Before immersion, sample mass was recorded (m;),
and after immersion, the samples were removed
and weighed again (m,). Water uptake was calcu-
lated using Equation 3, and the reported values
were the mean of five measurements.

M, (%) = m%l"l X 100 (3)

3. RESULTS AND DISCUSSION

Waterborne lignin/polymer composites were
prepared via in situ miniemulsion polymerisation,
incorporating lignin at concentrations of 0.5 wt%
and 1 wt% relative to the polymer. The monomer
system comprised MMA and BA in a 1:1 weight
ratio, producing aqueous polymer dispersion with
film-forming ability at room temperature, attribut-
ed to the glass transition temperature 7, of approx-
imately 17 °C.*” Additionally, AAm was added at 1
wt% to functionalise the polymer and improve
compatibility with lignin, facilitating hydrogen
bond formation between the amide group and lig-
nin hydroxyl groups. Monomer conversion was
measured gravimetrically. The neat polymer
reached a conversion rate of 91 %, while the com-
posites containing 0.5 wt% and 1 wt% lignin
reached 73 % and 72 %, respectively. The lower
conversion rates observed in the composites were
attributed to lignin's inherent antioxidative proper-
ties.* To mitigate this effect during in situ
polymerisation, the lignin aqueous dispersion sta-
bilised with SDS was fed into the reactor in a con-
trolled manner to maintain a low concentration.
Despite this controlled addition of kraft lignin dur-
ing polymerisation, its moderate radical scaveng-
ing activity continued to interfere with the reaction
by capturing free radicals generated by the initia-
tor, reducing monomer conversion. Nevertheless,
the monomer conversions achieved in this study
were significantly higher than those reported for
similar in situ processes incorporating kraft lignin
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into a poly(methyl metacrylate) (PMMA) matrix.
For instance, in a recent study utilising 0.7 wt%
kraft lignin, the monomer conversion was only 10
% —25 %.* These results highlighted that strategic
reaction engineering during polymerisation served
as an effective approach to overcome the challenge
of low monomer conversion in lignin-based sys-
tems.

After polymerisation, the neat polymer dis-
persion was milky white, while the composite dis-
persions showed a light to dark brownish hue. The
composite dispersions remained stable for several
hours before lignin precipitation occurred. Compo-
site films were cast from these dispersions under

standard atmospheric conditions by water evapora-
tion. Homogenous films were obtained in all cases:
completely transparent for the neat polymer and
light brown for lignin composites (Fig.1). The loss
of transparency was likely due to the presence of
the lignin phase within the polymer matrix, which
induced light scattering.

To confirm lignin incorporation within the
polymer matrix, FTIR analysis was conducted.
Figure2 shows the FTIR spectra of pristine lignin,
the neat polymer (0 wt%), and the composites (0.5
wt% and 1 wt%).

0 wt%
0.5 Wt |
1 wt% E I
g Lignin %<
c -_ |
8 3 e
§ s 1saowavenumber (cm'1)166° 1640
2
< \
IIIIII 4
‘oWl o8 A “ T —
4000 3000
Wavenumber {cm™?)

2000 ‘ 1000

Fig. 2. FTIR-ATR spectra of the neat polymer, lignin, and the composites containing 0.5 wt% and 1 wt% lignin

The lignin spectrum displayed characteristic
bands corresponding to the hydroxyl group (OH,
3700-3100 cm™), a broad band around 1710 cm™
overlapping with bands in the 1600-1400 cm!
range, associated with carbonyl groups and skeletal
vibrations of the aromatic ring, respectively, and
the ether group (C-O-C, 1300-1000 cm™). In the
neat polymer spectrum, distinct bands for the car-
bonyl group (C=0, 1730 cm™!) and the ether group
(1160 cm™) were observed. The composite spectra
exhibited characteristic bands for the hydroxyl
group (3700-3100 cm™) and aromatic skeletal vi-
brations (1600-1400 cm™'). Additionally, a notable
band appeared at approximately 1675 cm™ (Fig.2,
embedded), attributed to the imide group, suggest-
ing a possible reaction between the polymer's am-
ide group and lignin carbonyl groups. The presence
of lignin-specific bands, along with the formation
of a new characteristic band in the composite spec-
tra, confirmed the successful incorporation of lig-
nin into the polymer matrix.
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The optical properties of the composites
were influenced by the presence of lignin. To in-
vestigate this, UV-Vis spectra were obtained using
a UV/Vis spectrophotometer. The UV-Vis spectra
and absorption coefficients (a), together with the
direct and indirect transitions of the neat polymer
and the composites are presented in Figure3. Table
3 summarises the values of the direct and indirect
transitions of the neat polymer and the composites.

The phenolic structure of lignin allowed
strong UV absorption in the 280-325 nm range,
whereas the neat polymer absorbed almost nothing
in the visible region. In the composites, the absorp-
tion maximum shifted to higher wavelengths com-
pared to the polymer, owing to the conjugated phe-
nolic structure integrated into the polymer matrix.
Furthermore, the unsaturated functional groups in
lignin significantly enhanced the absorption of vis-
ible light compared to the neat polymer. The UV-
visible light absorbed by lignin triggered light-
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catalysed photo-reactions, leading to the formation
of quinones and other chromophoric groups, which
in turn absorbed even more UV light. This property
made lignin an efficient UV blocker, and its effec-
tiveness was enhanced when exposed to light.!’ To
account for potential variations in film thickness

that might have influenced the UV absorption
measurements, absorption coefficients were deter-
mined (Fig.3b). These calculations confirmed that
the composites absorbed more UV-visible light,
with this effect being more pronounced in the sam-
ple with higher lignin content.
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Fig. 3. (a) UV-Vis spectra, (b) absorption coefficients (a), (¢) direct allowed transitions (Eda),
and (d) indirect allowed transitions (Eis) of the neat polymer and the composites films

Table 3

Values of direct and indirect transitions of the neat polymer and the composites

Sample Eda (eV) Eia (eV)
P(MMA/BA/AAm) 3.61 2.95
0.5 wt% L/P(MMA/BA/AAm) 3.15 2.27
1 wt% L/P(MMA/BA/AAm) 2.78 2.13

The optical band gap energy was calculated
from the intercept of the extrapolated linear region by
extending the steepest portion of the curve to the ab-
scissa. The band gap corresponded to the point where
this line intersected the axis. As shown in Table 3,
Eda and Eia decreased with lignin incorporation into
the polymer matrix, suggesting a reduced bandgap

between the valence and conduction bands. For the
composite with 1 wt%, this reduction was approxi-
mately 0.8-fold. The band gap energy was significant
for materials that were strong UV-Vis absorbers,
since it determined the minimum energy, and there-
fore the minimum wavelength, of light that a material
could absorb. This property was essential for applica-
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tions requiring specific light absorption.*® The results
for the optical band gap confirmed the observations
from the UV-Vis spectra and absorption coefficients;
i.e. lignin incorporation led to enhanced absorption of
visible light.
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The morphology of the samples was exam-
ined using SEM. Figure 4 shows cross-sections of
the neat polymer films (Figs. 4a—4c), the compo-
site film with 0.5 wt% lignin (Figs. 4d—4f), and the
composite film with 1 wt% lignin (Figs. 4g—4i) at
different magnifications.

""-,a: v '.r“'- 1Jw

. R < L
c-AP-MP-050008 2024/04/30 10:12 NL D53 x10k 10
AMAI

<r-AP-MP-10019 2024/04/30 09:55 NL D54 x6.0k  10um
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Fig. 4. SEM micrographs showing cross-sections of the neat polymer film (a—c), the composite film with 0.5 wt% lignin (d—f),
and the composite film with 1 wt% lignin (g—i) at different magnifications. Arrows indicate pores and surface features relevant
to the analysis

The polymer exhibited a relatively smooth
cross-section compared to the composites. As the
lignin concentration increased, the cross-sectional
surface of the composites became noticeably
rougher. This effect was particularly pronounced in
the composite containing 1 wt% lignin, where dis-
tinct "wavy" cross-sectional structures were evi-
dent (Figs. 4h and 4i). Pores were observed in the
composites, especially in the sample with 0.5 wt%
lignin (Figs. 4d—4f). The presence of pores may
have originated from drying stresses or particle
coalescence effects, but since all samples were
dried under identical conditions, it was assumed
that these pores likely formed due to phase separa-
tion between neat polymer, lignin, and polymer—
lignin phases, indicating the presence of these three
phases in the system. As the lignin concentration
increased from 0.5 to 1 wt%, the size and number

Maced. J. Chem. Chem. Eng. 44 (2), xx—xx (2025)

of pores decreased. This reduction was likely due
to the increased presence of the polymer/lignin
phase, which acted as a compatibiliser between
neat polymer and lignin; there were many literature
reports in which lignin was used as a compatibil-
iser in different composites systems.*3!

Hydrophilicity and water sensitivity of the
films were assessed by measuring contact angles
and surface energy using the sessile-drop method
with distilled water and ethylene glycol. Table 4
summarises the contact angle values and total sur-
face energy, along with the non-polar (y*V) and
polar (y*B) components of surface energy for both
the neat polymer and composite films. The films
were examined both before and after rinsing with
distilled water to evaluate potential surfactant mi-
gration to the sample surfaces.
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Table 4

Contact angle, total surface energy, and non-polar (y*") and polar (y**) components of surface energy
of the neat polymer and the composite films, measured before (B) and after (A)rinsing with water

Total surface energy

Sample Contact angle (°) (mJ/m?) Y™V (mJ/m?) vAB (mJ/m?)

B A B A B A B A
P(MMA/BA/AAm) 85+6 83=+9 22 45 7 43 15 2
0.5 wt% L/P(MMA/BA/AAm) 53+7 75+7 50 38 6 30 44 8
1 wt% L/P(MMA/BA/AAm) 477 79+7 54 43 7 39 47 4

The contact angle of the films before rinsing
decreased with lignin addition compared to the
neat polymer film, indicating enhanced hydro-
philicity of the composites. This effect was at-
tributed to the hydrophilic functional groups pre-
sent in the lignin structure, which increased the
polarity of the composite surface and elevated the
polar component of the surface energy (y*?). De-
spite this, the total surface energy of the compo-
sites decreased relative to the neat polymer, likely
due to disruption of intermolecular interactions
within the polymer matrix caused by lignin incor-
poration. It should be noted, however, that these
results were undoubtedly influenced by the pres-
ence of surfactant in the waterborne systems,
which tended to migrate toward the film surface
during formation and further enhanced hydro-
philicity.>*To verify whether this phenomenon had
occurred in the present films, the samples were
rinsed with water and dried; afterwards their con-
tact angles were measured. Significant changes in

Table 5

contact angle and surface energy were noted after
rinsing, particularly in the composite films, which
became more hydrophobic. These changes suggest
that while the surfactant molecules remained
trapped within the neat polymer matrix, they mi-
grated more effectively to the surface in the com-
posites. The likely reason for this migration was
the distribution of hydrophilic lignin throughout
the film, creating hydrophilic pathways for surfac-
tant movement. Nevertheless, this result revealed
that the composite films exhibit a slightly hydro-
phobic nature. The thermal stability and degradation
of the composites was assessed by thermogravimet-
ric analysis (TGA) at a heating rate of 10 °C/min;
the samples were heated from 40 °C to 800 °C.
Table 5 presents the temperatures corresponding to
1 % mass loss, 10 % mass loss, 50 % mass loss,
the maximum degradation temperature, the mass
loss at the maximum degradation temperature, and
the residue remaining at 750 °C.

Temperatures corresponding to 1% mass loss, 10% mass loss, 50% mass loss, maximum degradation
temperature, mass loss at maximum degradation temperature, and residue at 750 °C

Sample T1o (°C) Tso% (°C) Tumax (°C) Mass l(():/‘s))at Tmax Residu? 4;::) 750 °C
P(MMA/BA/AAm) 248.10 400.6 400.62 49.66 0.17
0.5wt% L/P(MMA/BA/AAm) 186.48 406.54 410.26 54.47 2.37
1wt% L/P(MMA/BA/AAm) 195.35 409.55 411.29 65.88 1.83

In Figure 5, the TGA curves and the first de-
rivative curve of the mass loss curve (DTG) are
shown. According to the TGA results, the 1% mass
loss in the composites occurred at a significantly
lower temperature compared to the neat polymer.
The mass loss in composites at lower temperature
was due to the presence of lignin. Namely, lignin
contained hydroxyl and methoxy functional groups
in its structure that were eliminated at lower tem-

peratures, hence the mass loss at lower tempera-
tures in the composites. The 50% mass loss oc-
curred at a higher temperature in the composites
compared to the polymer. According to the DTG
curves, the degradation of the samples occurred in
one step, and the maximum peak in the composites
was shifted by 10 °C and 11 °C for the 0.5 wt%
and 1 wt% composites, respectively, compared to
the neat polymer. The residual mass at 750 °C was
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significantly higher in the composites compared to
the polymer (by more than ten times). These re-
sults indicated that the incorporation of lignin into
the polymer matrix, even at low concentrations of
0.5 wt% and 1 wt%, had a positive effect on the
thermal stability of the polymer. The improved
thermal stability observed in the composites origi-
nated from the structure of lignin, in which polar
and aliphatic groups were present in its network.
Because lignin contained various aromatic func-
tional groups with different thermal stabilities, its
decomposition occurred over a broad temperature
range. Additionally, its high carbon content pro-
moted significant char formation in an inert atmos-
phere, which helped reduce the heat-release rate of
the polymeric materials during degradation steps.>
As a result, the presence of lignin in the polymer
matrix enhanced the thermal stability of the poly-
mer composites. In addition to the intrinsic thermal
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properties of lignin, the enhanced thermal stability
observed here may have also arisen from improved
interfacial interactions between lignin and the pol-
ymer matrix. For comparison, Assumpgdo et al.
prepared PMMA/lignosulfonate composites (0.7
wt% lignosulfonate) via in situ miniemulsion
polymerisation and achieved satisfactory conver-
sion; however, they reported that lignin addition
did not lead to improved thermal stability.** Mess-
mer et al., in their study, were not able to confirm
whether the introduction of kraft lignin had any
significant influence on the thermal behaviour of
the polymer.*

The mechanical properties of the prepared
samples were assessed using tensile testing. Table
6 presents the average values (based on three
measurements) for yield strength, modulus of elas-
ticity, tensile strength, strain at break, and tough-
ness.
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Fig. 5. (a) TGA curves, (b) enlarged temperature range 360 — 440 °C, (c) enlarged temperature range 500 — 800 °C,
and (d) enlarged temperature range in DTG curves 350 — 450 °C for the neat polymer and composites
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Table 6

Yield strength, modulus of elasticity, tensile strength, strain at break, and toughness
for the neat polymer and the composite samples

Sample Yield strength  Young modulus  Tensile strength ~ Strain :‘It break Toughngess
(MPa) (MPa) (MPa) (%) MJ/m’)
P(MMA/BA/AAm) 0.108 £ 0.007 12.725 £0.7 1.124 +£0.05 369.43 £ 33.43 2.94+0.12
0.5wt% L/P(MMA/BA/AAm) 0.119 +0.006 6.407 = 1.65 1.083 £0.31 412.14 £ 135.76 2.89+1.24
1wt% L/P(MMA/BA/AAm) 0.140 = 0.065 8.950 £4.20 1.312+£0.56 541.83 +15.39 4.06 +£1.33

In Figure 6, the stress—strain graphs of the
neat polymer and the composites are shown. The
tensile test revealed that lignin incorporation into
the polymer matrix led to a decrease in the elastic
modulus, while the strain at break was increased.
Literature reports suggest that lignin can act as a
plasticiser when introduced into polymer matrices,
which may explain this behaviour.’*%

1.8+

=0 wt%
0.5 wt%
—1 wt%

Stress (MPa)
.82 9 =2 =
W & O N O

0 75 150 225 300 375 450
Strain (%)

Fig. 6. Stress—strain graphs of the neat polymer
and the composites

When comparing composites containing 0.5
wt% and 1 wt% lignin, the sample with 1 wt% lig-
nin showed improved mechanical properties. This
improvement was likely due to the higher lignin
content and the resulting structural characteristics.
As shown in Figures 4d—4f, the composite with 0.5
wt% lignin displayed pores in its cross-section,
which acted as structural defects and impaired me-
chanical performance by hindering efficient stress
transfer from the polymer matrix to the filler. This
morphological feature likely explained the larger
variability observed in strain at break values (Table
6) for this sample. In contrast, the 1 wt% lignin
composite exhibited a more uniform and less po-
rous morphology, contributing to a 1.5-fold in-
crease in strain at break compared to the neat pol-

ymer. Likewise, it showed approximately a 1.4-
fold increase in toughness. Additionally, this com-
posite showed higher tensile strength and yield
strength, indicating its ability to withstand greater
stress without permanent deformation. The effect
that 1 wt% lignin had on the mechanical properties
of the polymer matrix was likely due to a balance
between the plasticisation effect, originating from
the weakened intermolecular forces between pol-
ymer chains induced from the presence of lignin,
and local reinforcement from lignin's rigid struc-
ture. Most likely, at low concentration (1 wt%),
lignin may not fully disrupt the polymer network,
resulting in stiffer segments.

These findings suggested that a higher lignin
concentration enhanced stress distribution within the
matrix, leading to improved mechanical performance
compared to the composite with 0.5 wt% lignin.

To assess composite behaviour under UV irra-
diation, free-standing films of the neat polymer and
composites underwent accelerated aging test under
UV irradiation at 366 nm for 364 hours. The chemi-
cal changes induced by accelerated aging were moni-
tored using FTIR spectra recorded before and after
irradiation. The areas of the hydroxyl group (3700—
3060 cm™) and the ether group (1333-1075 cm?), as
well as the peak height of the carbonyl functional
group (1730 cm™) were evaluated (Fig.7).

The incorporation of lignin into the polymer
matrix accelerated the degradation process. Hu et
al. reported a similar effect using 10 wt% lignin
combined with 0.5 wt% photocatalytic ZnO to
promote PMMA degradation and facilitate recy-
clability.**After 100 h of UV irradiation, a 16%
decrease in B-O-4 linkage frequency was observed
for the lignin—-PMMA composite and around 72%
for the lignin-PMMA-ZnO system. In the present
study, degradation was attributed solely to lignin,
as no additional agents were employed. This be-
haviour was primarily due to lignin's strong UV—
visible light absorption, arising from its aromatic
structure and diverse chromophoric groups. UV
absorption by lignin initiated key photochemical
reactions, including dehydrogenation, dehy-
droxymethylation, and demethoxylation, as previ-
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ously reported.® The commonly accepted mecha-
nism for lignin photo-oxidation begins with free
radical formation through the oxidation of phenolic
hydroxyl groups. These phenolic radicals formed
almost immediately under UV irradiation and sub-
sequently promoted ortho- and para-quinone de-
velopment after demethylation and side-chain

cleavage.®® An alternative degradation pathway
involved UV-induced cleavage of ether linkages in
lignin, resulting in depolymerisation and formation
of various degradation products and free radicals,
such as coniferyl alcohol and guaiacyl radicals.
These species could undergo further reactions or
trigger deeper degradation processes.>*>’
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Fig. 7. FTIR spectra of the neat polymer and the different composites after 364 hours of irradiation at 366 nm:

(@) overall spectra, (b) —OH stretching region (3700 — 31

00 cm™), (¢) C=O0 stretching region (1850 — 1550 cm™),

and (d) C-O—C stretching region (1333 — 1075 cm™)
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In Figure 8, the areas and the peak height of
the examined characteristic bands are presented.
Figure 8 indicated that both the neat polymer and
the composite underwent structural changes as a
result of ageing, with these changes being more
pronounced in the composites. Photo-oxidative
degradation of acrylate polymers typically in-
volved polymer chain scission, elimination of side
groups, and breakdown of lateral chains.* Specifi-
cally, the degradation pathway involved the re-
moval of ester side chains, leading to changes in
the area and intensity of characteristic infrared
bands associated with hydroxyl, ether, and carbon-
yl functional groups. The observed decreases in the
ether and carbonyl bands supported the conclusion

d
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that degradation primarily occurred through the
destruction of ester side chains in the polymer ma-
trix. When comparing the neat polymer and the
composites, it was evident that degradation was
more severe in the presence of lignin, as the
changes in the characteristic bands were lower in
the neat polymer. For the hydroxyl band, a de-
crease was observed in the neat polymer, likely
indicating the formation of low molecular weight
volatile products or the occurrence of secondary
reactions.’® In contrast, the hydroxyl band in the
composites showed a slight increase, which sug-
gested the formation of new hydroxyl or hydroper-
oxide groups.
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Fig. 8. (a) Areas below the —OH and C—O—C peaks and (b) height of the C=0 peak in FTIR spectra of the neat polymer
and composites containing 0.5 wt% and 1 wt% lignin

The UV-ageing behaviour of composites
containing 0.5 wt% and 1 wt% lignin was com-
pared. The results (Fig. 8) indicated no statistically
significant difference in the degradation rate or
extent between the two concentrations, which sug-
gested that the radical scavenging and degradation-
promoting effects of lignin were already near-
maximised at 0.5 wt% in this system. The en-
hanced degradation observed in the lignin-
containing composites highlighted the potential for
controlled, triggered degradation, or depolymerisa-
tion of the material after its intended use.

The water resistance of materials determines
the protective ability of the material and its dura-
bility. Figure 9 shows the water uptake by the pol-
ymer and the composite containing 1 wt% lignin
when immersed in water during various time peri-
ods. Due to its poor mechanical properties, the
sample with 0.5 wt% lignin was not investigated.
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Fig. 9. Water uptake of the neat polymer and the 1 wt% lignin
composite films as a function of immersion time in water
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The presented data represented the mean of
five measurements, with corresponding standard
deviations also included. When comparing the
composite containing 1 wt% lignin to the neat pol-
ymer, it was evident that during the initial phase of
the test, particularly within the first 150 hours, the
composite absorbed a higher percentage of water
than the neat polymer. However, the composite
reached saturation after just 72 hours, whereas the
water absorption of the neat polymer continued to
increase over time. The water uptake of the com-
posite with 1 wt% lignin remained below 20 %
over the entire measurement period of 350 h. For
comparison, Messmer et al.** reported a water ab-
sorption of approximately 60 % for composites
containing 1 wt% kraft lignin prepared via minie-
mulsion polymerisation, and about 23 % for those
obtained by miniemulsion polymerisation after 110
h of measurement. The improved water absorption
stability of the 1 wt% lignin composite was likely
due to the uniform dispersion of lignin within the
matrix, which acted as a physical barrier, limiting
water penetration into the film.

Given that hydrolytic stability was a key
property influencing the suitability of materials for
various applications, the water diffusion coefficient
was calculated for both the neat polymer and the
composite with 1 wt% lignin. The diffusion coeffi-
cient (D) was calculated using Equation 4:

h? (M —M;)?
2
16M12n(t21/2—ti/2) )

where # is the sample thickness, M,, is the percent-
age at maximum water absorption (calculated as
the mean of two measurements, where no signifi-
cant change was observed). Equation 5 represents
the slope determined from the linear part of the
curve M, as a function of #*?, where ¢ refers to
time in seconds.*

(Mp—M,)?
P
(tzl/z_tll/z) ()

Figure 10 displays the M, versus ¢ curves,
along with the corresponding linear equations for
both materials.

Table 7 shows the calculated water diffusion
coefficients according to Equation4.The incorpora-
tion of lignin into the polymer matrix resulted in a
40 % reduction in the water diffusion coefficient
compared to the neat polymer, which indicated a
slower rate of water absorption. Similar results
were reported for related systems.* This effect was
in line with literature that demonstrated that lignin
could serve as a molecular barrier to water
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transport by blocking hydrogen-bonding sites and
forming hydrogen bonds that restricted water mo-
bility,>"¢ as well as acting as a reinforcing agent
that increased the complexity of the diffusion
pathway and enhanced barrier properties.®' The be-
haviour of the composite with 1 wt% lignin could
further be explained by its complex internal struc-
ture, which was observed in the SEM micrographs
(Figs. 4g—4i). Despite the surface hydrophilicity
shown in Table 4, the intricate cross-sectional
morphology provided an effective barrier to water
penetration, thereby lowering the overall water
uptake rate and improving the composite's stability.
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Fig. 10. M, versus ¢ curves and the corresponding linear
equations of the neat polymer and the composite
containing 1 wt% lignin

Table 7

Water diffusion coefficients of the neat polymer
and the composite containing 1 wt% lignin

Sample Water diffusion
P coefficient (m?/s)

P(MMA/BA/AAm) 2.226 x 10711

1wt% L/P(MMA/BA/AAm) 1.375 x 10711

Overall, the addition of lignin improved both
the mechanical and hydrolytic stability of the com-
posites by reducing water absorption. However, it
also accelerated the degradation of the polymer
matrix under UV irradiation and ambient condi-
tions. These combined properties suggested that
(meth)acrylate/lignin composites hold promise for
eco-friendly applications, such as biodegradable
packaging materials or agricultural films designed
for moisture retention, weed suppression, or tem-
perature regulation.

4. CONCLUSION

Waterborne lignin-based polymer compo-
sites were synthesised via in situ miniemulsion
polymerisation, with lignin gradually introduced
into the monomer mixture throughout the polymer-
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isation process. This strategy enhanced monomer
conversion and yielded stable composites contain-
ing 0.5 wt% and 1 wt% lignin relative to the poly-
mer. Infrared spectroscopy confirmed the success-
ful incorporation of lignin into the polymer matrix.

The presence of lignin caused a red shift in
the light absorption maximum of the composites,
significantly increased their absorption in the visi-
ble region compared to the neat polymer.

Scanning electron microscopy revealed that
incorporating 1 wt% lignin resulted in significant
morphological changes in the composite compared
to the neat polymer, with lignin appearing uniform-
ly distributed throughout the matrix. At first
glance, the presence of lignin appeared to increase
the material's hydrophilicity, likely due to surfac-
tant migration facilitated by lignin. However, after
the surfactant was removed from the film surface,
the composite exhibited increased hydrophobicity,
comparable to that of the neat polymer. In addition
to morphological effects, the introduction of small
amounts of lignin improved the thermal stability of
the composites, shifting the temperature corre-
sponding to the maximum degradation rate to
higher values relative to the neat polymer. Fur-
thermore, incorporating 1 wt% lignin enhanced
mechanical properties, including yield strength,
tensile strength, toughness, and strain at break,
when compared to the neat polymer.

Both the polymer and the composites contain-
ing 0.5 wt% and 1 wt% lignin were exposed to 366
nm UV radiation under ambient conditions for 364
hours, and the ageing process was monitored using
infrared spectroscopy. The results revealed that the
composite underwent more pronounced chemical
changes upon UV exposure compared to the neat
polymer. These findings suggested that the incorpo-
ration of lignin significantly enhanced the photo-
oxidative degradation of the material, highlighting its
potential for UV-triggered recyclability after use.

The hydrolytic stability of the materials was
evaluated by immersing both the composites and the
polymer in distilled water over time, tracking water
absorption percentage, and calculating the water dif-
fusion coefficient. Incorporation of 1 wt% lignin was
found to reduce the rate of water uptake, with a 40 %
decrease in the water diffusion coefficient compared
to the neat polymer. This improvement was attributed
to the barrier effect of lignin structures uniformly
dispersed within the polymer matrix.

Lignin-based composites, with their modu-
lated structure, tailored functionalities, and en-
hanced properties resulting from the presence of
lignin, opened new avenues for the application of
this class of materials.
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