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ABSTRACT
In this study, the synthesis of sustainable biocomposites was successfully achieved using the photo-induced frontal polymeri-
zation (PIFP) method, which is highly energy-efficient. A diacrylate containing renewable carbon was selected as a monomer, 
while a trifunctional acrylate was used as a diluent at different ratios; wood powder and cellulose powder were then added to 
obtain biocomposites. The maximum amount of wood powder was set at 30 phr by weight, and for cellulose, at 50 phr. In the 
experiments performed, the effects of the diluent and biofiller amounts on the frontal polymerization velocity, the maximum 
temperature of the process, and the monomer conversion were investigated. Additionally, depending on the amount of biofillers 
in the formulation, the photoinitiator, thermal initiator, and light intensity were optimized. Finally, the sample with the highest 
wood powder content was tested for use as a filler for repairing or joining wooden parts.

1   |   Introduction

Frontal polymerization is a polymerization process that can be 
initiated at a certain point in the system by an external stimulus 
(e.g., heat, light) and then propagates autonomously, similar to 
a domino effect. Although it was first discovered in the early 
1970s in the Soviet Union by Chechilo and his colleagues [1], 
most of the research in this field has taken place after its redis-
covery in 1991 by Pojman [2].

Frontal polymerization can be categorized into three types de-
pending on the external stimulus used for initiation: thermal-
frontal polymerization, photofrontal polymerization, and 
isothermal frontal polymerization [3]. Additionally, based on 
whether the system can continue on its own after the removal 
of the external stimulus, it can be classified as autocatalytic or 
non-autocatalytic frontal polymerization. In catalytic systems, 
polymerization continues autonomously after the external stim-
ulus is removed, whereas in non-catalytic systems, the polymer-
ization stops when the stimulus is removed [4, 5]. In this work, 

the term “photo-induced frontal polymerization” (PIFP) refers 
specifically to an autocatalytic thermal frontal polymerization 
where a photoreaction initiates the thermal front.

PIFP stands out due to several advantageous features. Firstly, 
in PIFP, since the reaction proceeds autonomously once the 
external stimulus is removed, it is considered energy efficient. 
Several studies in the literature show that only a few seconds of 
irradiation are sufficient to initiate frontal polymerization [6–9]. 
Additionally, compared to conventional photopolymerization 
systems, PIFP enables the production of much thicker polymers 
and polymerization in light-hindered areas, making it an attrac-
tive method [4, 10].

However, despite these advantages, there are certain limitations 
that restrict the practical applications of frontal polymerization. 
For example, PIFP requires highly reactive monomers, limiting 
its range of applications. Moreover, Pojman and his colleagues 
demonstrated that acrylate monomers with equivalent weights 
above 150 do not support PIFP [11].
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In PIFP, in addition to the monomer, the thermal initiator can 
have a crucial effect on both the kinetics of polymerization 
and the physical properties of the polymer. Most of the thermal 
initiators used in frontal polymerization studies are peroxide 
derivatives, which can lead to the formation of reactive and non-
reactive oxygen species and small volatile organic compounds 
as by-products during decomposition [12, 13]. As a result, bub-
ble formation may occur in the final product, negatively im-
pacting its mechanical properties and causing a heterogeneous 
structure [14–16].

Apart from the thermal initiator, the high temperatures 
reached during the PIFP reaction can cause low molecular 
weight species such as monomers and solvents to boil, leading 
to bubble formation in the product [17]. Therefore, the use of 
solvents has been minimized or eliminated; alternatively, high 
boiling point solvents have been used [18], or efforts have been 
made to reduce the maximum reaction temperature below the 
solvent's boiling point [19]. Liska and coauthors published a 
report on a bubble-free, steady-state thermal front reaction in 
water, in which a new thermal initiator was synthesized. This 
initiator minimized gas formation while maintaining suitable 
reactivity [20].

Additionally, minimizing heat loss from the front to the sur-
roundings is a crucial issue. Front quenching reduces the 
temperature below the critical level required to maintain self-
sustaining frontal polymerization. Moreover, the resulting poly-
mers exhibit uneven properties. From a chemical standpoint, 
various polymerization processes are affected by unwanted 
termination reactions or slow background gelation. In radical 
chain polymerizations, for instance, coupling events decrease 
the concentration of reactive species that can add monomers in 
the reaction medium, which in turn slows the observed polymer-
ization rate. Reactor boundary conditions determine the extent 
of heat loss in the frontal polymerization process. For instance, 
thermally insulated reaction vessels dissipate heat more slowly 
than those made of conductive materials, helping to maintain a 
consistent temperature within the reaction medium. The ratio 
of effective volume to exposed surface area (i.e., at the reactor 
boundary) and the shape of the reactor are crucial factors in heat 
loss [21–26].

Once the chemical and physical phenomena associated with 
frontal polymerization are well understood, PIFP represents a 
low-energy alternative for synthesizing both thermoset poly-
mers and moldable thermoplastics. Moreover, it enables a vari-
ety of advanced applications, such as the fabrication of porous 

and gradient materials, the incorporation of high filler loadings, 
and effective curing in regions inaccessible or impractical for 
traditional photoprocesses [27, 28].

This study investigates the use of PIFP to cure thick, biobased 
acrylic monomer samples, including those located in light-
restricted areas. The effects of incorporating natural fillers such 
as wood and cellulose powder were also explored to evaluate 
the potential of these systems for material consolidation, that is, 
their application in adhesives, repairs, and sealants.

Additionally, process optimization was examined with respect 
to thermal effects, frontal velocity, monomer conversion, reac-
tion mechanisms, formulation types, and environmental as well 
as processing conditions.

2   |   Experimental

2.1   |   Materials

1,10-Decanediol diacrylate (DDDA), with a minimum bio-
renewable carbon content of 60%, and the thermal initia-
tor dilauroyl peroxide (Luperox LP) were kindly donated by 
Arkema. Ethyl phenyl(2,4,6-trimethylbenzoyl) phosphinate 
photoinitiator (TPO-L) was kindly provided by IGM Resins 
Italia Srl and trimethylolpropane triacrylate (TMPTA) was 
purchased from Sigma-Aldrich. The chemical structure of the 
products is shown in Figure  1a. Lignobest C200 wood pow-
der (from Holzmühle Westerkamp GmbH Visbek, Germany; 
particle size below 125 μm) and TECHNOCELL FM8 cellu-
lose powder (8–12 μm) produced from FSC-certified European 
wood, were used as filler. Fillers were dried in the oven at 
150°C for 2 h before they were used. NEUKASIL RTV 10 sili-
cone was purchased from Altropol Kunststoff GmbH and used 
to prepare molds.

2.2   |   Photoinduced Frontal Polymerization 
Procedure

Different amounts of acrylates (DDDA and TMPTA) were 
mixed with LP (thermal initiator) at a concentration in the 
range 0.2%–2% by weight, and ArgoLab AU-32 ultrasonic bath 
was used until the thermal initiator was completely dissolved 
in the acrylate mixture. Following this step, TPO-L (photoini-
tiator) at a concentration in the range 1%–2% by weight was 
added to the solution and stirred until the solution became 
homogeneous.

To prepare the composites, dried wood powder or cellulose pow-
der was added in varying amounts, up to 50 phr, to the freshly 
prepared monomer mixtures. The mixtures were then manually 
stirred until a uniform dispersion was achieved.

A negative mold was 3D printed using the Anycubic Photon 
Mono X to prepare silicone molds. Subsequently, a mixture 
of silicone and crosslinker was poured into the negative mold 
and allowed to cure at room temperature for 24 h. After curing, 
the solid silicone was removed from the negative mold and the 
freshly prepared formulations were poured into silicone molds 

Highlights

•	 Photo-induced frontal polymerization (PIFP) of bi-
obased monomer was studied

•	 The effects of different process parameters were 
analyzed

•	 Composites with wood and cellulose powder (up 
50 phr) were successfully cured

•	 The application of the composites as a wood adhesive 
was investigated
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(length: 60 mm, width: 10 mm, depth: 1, 3, 4, and 5 mm). In some 
cases, a 2.5 mm thick glass plate was used to cover the formula-
tions, to minimize heat loss caused by the low amount of ther-
mal initiator and to ensure uniform polymer thickness.

The HAMAMATSU LC8 lighting unit, equipped with a medium-
pressure mercury light source, was used in all experiments with 
varying light intensity, ranging from 20 to 200 mW/cm2 (UVA) de-
pending on the formulation. An optical fiber was used to irradiate 
a 1 cm2 area on the surface of the mold from above for 30 s. The 
frontal propagation was monitored using a FLIR E6-XT thermal 
camera and a digital camera (see Figure 1b). Frontal velocity was 
determined by using the time elapsed between the initial and final 
positions, based on video footage recorded with the digital camera.

2.3   |   Monomer Conversion

A Fourier Transform Infrared (FTIR) spectrometer (Thermo 
Fisher Scientific Nicolet iS50), in attenuated total reflectance 
(ATR) mode, with a spectral range of 4000–400 cm−1, was used to 
analyze the polymerized samples. After the polymerization was 
complete, samples with a length of 60 mm were marked using a 
ruler: the first point was placed 5 mm from the mold edge, and 
the remaining points were marked at 10 mm intervals thereafter. 
Then, cuts were made at these marked lines using a small saw, 
and the polymer powder released during the cutting process was 
collected and analyzed by FTIR. The spectral region between 3000 
and 2880 cm−1 (CH2) was chosen as the reference band, and the 
area between 1645 and 1630 cm−1 (C  C) was used to calculate 
the conversion. Each measurement was repeated three times. The 
equation used to calculate the conversion is given in Equation (1).

Degree of conversion:

2.4   |   Polymers and Composites Characterization

Differential scanning calorimetry (DSC) measurements were 
carried out by means of a Netzsch DSC 204 F1 Phoenix in the 

temperature range from 20°C to 250°C at a heating and cooling 
rate of 10°C min−1 under a nitrogen flux. A heat–cool–heat pro-
cedure was performed.

Viscosity measurements were performed using an Anton Paar 
MCR702e Rheometer at room temperature. Parallel plate geom-
etry with a 25 mm diameter (PP25-LPP25/TD) was used to test 
the samples. The gap between the plates was set to 0.3 mm.

The ZEISS Merlin field emission scanning electron microscope 
(FE-SEM) was used to analyze the morphology of the samples. 
For sample preparation, the samples were first placed in liquid 
nitrogen for a few seconds and then broken (brittle fracture) by 
hand. Afterwards, platinum (Pt) coating of the samples was per-
formed using a Quorum Q150T ES sputter coater, and FE-SEM 
analysis was conducted on the cross-sections of the samples.

Sample made of DDDA and TMPTA (70:30 w/w ratio) and con-
taining 30 phr of wood powder was tested as an adhesive for 
wood. Specimens were prepared as follows: a Swietenia mahog-
any wood piece was shaped to form the mold (Figure S10); the 
wooden pieces were placed on an aluminum foil with a 10 mm 
gap between them, which was filled with the freshly prepared 
formulation. The sample was then irradiated from the upper 
left using a light intensity of 200 mW/cm2. After polymerization, 
pull tests in tension were performed using an Instron 3366 elec-
tromechanical universal testing machine equipped with a 500 N 
load cell, at a speed of 10 mm min−1.

3   |   Results and Discussion

3.1   |   Frontal Polymerization of Biosourced 
Acrylates

Photo-induced frontal polymerization of the biosourced difunc-
tional acrylate DDDA was carried out in silicone molds, which, 
due to their thermal insulating properties, minimize heat loss 
that could otherwise hinder or even quench the propagating 
front, whose progression relies on thermal diffusion [29, 30]. 
Preliminary experiments were conducted under various condi-
tions, including changes in initiator concentration, light inten-
sity and resin volume, as well as testing in air or under inert 
atmosphere, with or without a glass cover.

(1)Conversion (%) = 100 x

⎛
⎜⎜⎜⎝
1 −

�
A1645 cm−1

A3000 cm−1

�
CURED�

A1645 cm−1

A3000 cm−1

�
UNCURED

⎞⎟⎟⎟⎠

FIGURE 1    |    (a) Chemical structure of the products used and (b) PIFP experimental setup.
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Table S1 outlines the experimental parameters investigated for 
the PIFP of DDDA, indicating which conditions resulted in a 
successful process, that is, the obtaining of samples 60 mm long 
(front traveling distance was 50 mm being the irradiated zone 
10 mm long). A sustainable thermal front was observed when 
both the photoinitiator and the thermal initiator were used at 
a concentration of 2 w%. Indeed, during photopolymerization 
experiments without a glass cover, it was noted that the final 
specimen was uneven, with non-uniform thickness: mono-
mer accumulated beneath the irradiated area, while the non-
irradiated section became progressively thinner. Additionally, 
the resin overflowed from the mold (Figure  S1). Oxygen and 
light intensity had no significant effect on front propagation 
under the tested conditions. As clearly shown in Figure S2, bub-
ble formation consistently occurred in the final products when 
the thermal initiator concentration was 2 w%, an amount nec-
essary to sustain a propagating front along the entire 60 mm 
length of the mold.

To reduce the amount of thermal initiator required, and thus 
mitigate bubble formation, the formulation was modified by 
adding the multifunctional monomer TMPTA, which increased 
the reactivity of the system. This modification also altered the 

viscosity, which is known to significantly affect frontal polym-
erization. Specifically, when viscosity is low, heat loss due to 
buoyancy and surface tension-driven convection can quench 
the propagating front, while increasing the viscosity helps min-
imize heat loss, thereby sustaining front propagation [29, 30]. 
Formulations containing different ratios of DDDA:TMPTA 
were investigated, and their viscosity as a function of shear rate 
is shown in Figure 2. All formulations exhibit Newtonian be-
havior, characterized by a constant viscosity regardless of the 
shear rate. The viscosity of pure DDDA is around 13 mPa s and 
increases by the addition of TMPTA (whose viscosity is around 
125 mPa s); when the TMPTA content reaches 50% by weight, 
the viscosity rises to 25 mPa s (nearly doubling).

PIFP experiments were conducted using mixtures of the two 
monomers at varying weight ratios, while reducing the thermal 
initiator concentration to 0.3 w%, as detailed in Table S2. A self-
sustained front 60 mm long was successfully achieved with an 
irradiation time of 30 s at a light intensity of 20 mW/cm2, when 
the TMPTA content was ≥ 20 w% and sample thickness ≥ 3 mm.

After fixing the contents of the thermal and photoinitiators, as 
well as the light intensity and irradiation time, the effect of sam-
ple thickness on the frontal polymerization process was inves-
tigated. In fact, it is known from the literature that increasing 
the sample thickness extends the distance between the position 
of the maximum temperature, typically located at the bottom 
of the system, and the surface where heat losses occur, thereby 
reducing the impact of these losses on front dynamics [31, 32]. 
Table 1 summarizes the results, indicating the conditions that 
led to a successful PIFP process, with the polymerization front 
traveling along the full length of the sample.

The results indicate that when the sample thickness is reduced 
to 1 mm, only the formulation containing neat TMPTA (0:100) 
was able to successfully polymerize by PIFP (with the front trav-
eling along the full length of the mold, i.e., for 60 mm). Moreover, 
when the TMPTA content was reduced to 20% by weight (80:20), 
only the thickest sample (5 mm) supported efficient frontal prop-
agation. In contrast, for the DDDA:TMPTA ratios 50:50, 60:40, 
and 70:30 formulations, successful frontal polymerization was 
observed at sample thicknesses of 5, 4, and 3 mm.

Once the 6 cm-long samples were prepared by PIFP, monomer 
conversion was monitored by FTIR ATR spectroscopy at various 
distances from the irradiation area for different sample thick-
nesses. This analysis was performed by sectioning the solid 
polymer and collecting samples from specific positions, as de-
scribed in the Experimental part and illustrated in Figure  3a. 
Representative spectra are presented in Figure S3. The acrylic 
group conversion was calculated according to Equation  (1), 
monitoring the change in the C  C absorption band in the 1645–
1630 cm−1 range, and using the 3000–2880 cm−1 (CH2) region as 
the reference band. The effects of the TMPTA content and of 
mold depth on monomer conversion were investigated, and are 
shown in Figure 3.

Considering the effect of the DDDA:TMPTA weight ratio, the 
conversion is generally comparable across all formulations 
that support successful frontal polymerization (Figure  3). 
Formulations containing equal weight fractions of DDDA and 

FIGURE 2    |    Viscosity values for the formulations with different 
DDDA:TMPTA ratio (w/w).

TABLE 1    |    Effect of sample thickness on PIFP.

Sample composition: 
DDDA:TMPTA ratio 
(w/w)

Mold depth—Sample 
thickness

5 mm 4 mm 3 mm 1 mm

100:0 X X X X

90:10 X X X X

80:20 ✓ X X X

70:30 ✓ ✓ ✓ X

60:40 ✓ ✓ ✓ X

50:50 ✓ ✓ ✓ X

0:100 ✓ ✓ ✓ ✓
Note: The tick (✓) indicates successful initiation and interrupted propagation of 
the polymerization front along the full length of the mold; the cross (X) indicates 
either no initiation or premature termination of the polymerization front. PIFP 
conditions: LP = 0.3 w%, TPO-L = 1 w%, light intensity = 20 mW/cm2, irradiation 
time = 30 s, inert atmosphere.
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TMPTA (50:50) achieved conversions of 88.2% ± 1.2%, regard-
less of polymer thickness. Similarly, the 60:40 and 70:30 formu-
lations yielded comparable results. For the 80:20 formulation, 
the monomer conversion in the 5 mm thick specimen was cal-
culated to be 87.2% ± 2.6%. However, in thinner samples, frontal 
polymerization either failed to initiate upon irradiation or, if ini-
tiated, terminated prematurely before completing the reaction; 
consequently, FT-IR data were not recorded. A similar outcome 
was observed for the 90:10 and 100:0 formulations, in which 
no frontal polymerization occurred at any of the thicknesses 
investigated.

As shown in Figure 3, analysis of monomer conversion along 
the sample length (i.e., with increasing distance from the ini-
tiation point corresponding to the irradiated area) revealed 
that, in all samples, conversion remained consistently within 
the 85%–90% range throughout the non-irradiated zone, with 
no significant variation as distance increased. In contrast, the 
conversion in the irradiated region was slightly higher, rang-
ing from 90% to 95%.

Since a sample thickness of 5 mm enabled successful PIFP 
processing of a wider range of formulations, while also maxi-
mizing the content of the biosourced monomer DDDA, further 
characterizations were performed at this thickness. Relevant 

parameters that ensure the continuity of frontal polymerization 
are the frontal velocity and the maximum temperature. A partic-
ularly important limitation in the application of frontal polym-
erization is the risk of front extinction, which occurs when heat 
losses exceed a critical threshold [31].

The balance between heat generation and heat loss is influ-
enced by the reactivity of the monomers and the efficiency of 
heat transfer between the system and its surroundings. Frontal 
velocity plays a crucial role in maintaining this balance: gener-
ally, a slowdown in frontal velocity prolongs the polymerization 
time, leading to increased heat dissipation to the environment. 
Under such conditions, frontal polymerization may initiate 
but terminate prematurely before the reaction is completed. 
Figure 4 presents the frontal velocities of the formulations with 
different DDDA:TMPTA weight ratios, which were calculated 
using video recordings obtained with a digital camera.

The formulation containing only TMPTA was the fastest, with 
a frontal velocity of 7.1 ± 0.6 cm min−1. When the TMPTA con-
tent was reduced to 50% by weight, the velocity decreased to 
4.8 ± 0.3 cm min−1. Subsequently, as the TMPTA ratio continued 
to decrease, a slowdown in the frontal velocity was observed, 
and when the TMPTA ratio dropped to 20%, the velocity fur-
ther declined to 3.6 ± 0.2 cm min−1. However, no significant 

FIGURE 3    |    (a) Schematic representation of FT-IR measurements set-up to analyze the monomer conversion in different positions along the sam-
ple length. (b–d) Conversion of DDDA:TMPTA formulations with different weight ratios, polymerized by PIFP in molds with a depth of 5 mm (b), 
4 mm (c), and 3 mm (d).
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correlation is observed between monomer conversion and fron-
tal velocity (Figure 4).

After PIFP, DSC analyses were performed on samples having 
5 mm thickness (the thermal curves are collected in Figure S4). 
All systems are fully amorphous, as expected. No discernible 
thermal transitions, including the glass transition, were ob-
served up to 250°C, in agreement with the literature [33–35].

3.2   |   Frontal Polymerization of Composites

Two types of biofillers (i.e., wood powder and cellulose powder) 
were incorporated into the reactive formulations to prepare 

sustainable composites via PIFP, and the effects of filler type 
and loading on the polymerization process were investigated.

Preparation of composites based on pure DDDA was attempted; 
however, the front could not be sustained (see Table  S3 and 
Figure S5). Despite the use of high amounts of thermal initia-
tor (2 w%), the reaction of pure DDDA was ineffective in sus-
taining the front, and when a high filler content (30 phr of 
wood powder) was used, the frontal process did not even start. 
As a result, TMPTA was incorporated into the system, and the 
DDDA:TMPTA 70:30 monomer composition was selected due to 
its high monomer conversion and relatively high bio-based ac-
rylate content. However, at high filler loadings (30 phr of wood 
powder or 50 phr of cellulose powder), the process conditions 
optimized for the neat polymer system (0.3 w% LP, 1 w% TPO-L, 
irradiation under 20 mW/cm2 light intensity, as described above) 
failed to initiate frontal polymerization. Consequently, the pro-
cessing parameters had to be adjusted to accommodate the pres-
ence of fillers.

There are various reasons for the lowering of reactivity upon 
addition of fillers. The first factor is the increase in viscosity of 
the reactive formulations (Figure S6). Moreover, the interaction 
between the light and fillers can affect the photopolymeriza-
tion kinetics. In the presence of fillers, light can be absorbed by 
the filler and/or scattering can occur depending on the type of 
filler. As a result of these interactions, insufficient photoinitia-
tor may be excited by the light, causing the reaction to proceed 
slowly or not initiate at all. To address this issue, the amount of 
photoinitiator and/or light intensity can be increased. Another 
important factor is the filler's ability to absorb heat released 

FIGURE 4    |    Monomer conversion and frontal velocity of formula-
tions with varying DDDA:TMPTA ratios by weight.

FIGURE 5    |    Photos of the polymerized composite samples containing biofiller at different loading (DDDA:TMPTA weight ratio 70:30, B = blank 
W = wood powder, C = cellulose powder).
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during polymerization. In such cases, the available heat may be 
insufficient to initiate frontal polymerization or may cause the 
front, once initiated, to terminate prematurely. To address this 
issue, the amount of thermal initiator in the formulation can be 
increased.

Therefore, herein, the concentrations of both LP and TPO-L 
in the 70:30 monomer system were increased to 2 w%; the ref-
erence sample is labeled 70:30:B, and all subsequent formu-
lations containing filler were prepared using these initiator 
concentrations. Moreover, the light dose was adjusted based 
on the type and content of filler. Wood powder (W) was added 
at 10, 20 and 30 phr, while the cellulose powder (C) content 
was 10, 30 and 50 phr. The composition of the tested formu-
lations as well as the experimental conditions employed for 
the PIFP process are presented in detail in Table  S4. In all 
reported conditions, the frontal polymerization was success-
ful: photographs taken from the front and back parts of the 
composites obtained after polymerization are presented in 
Figure  5. Frontal polymerization of selected formulations is 
shown in Videos S1 and S2.

The morphology of the composite samples was studied by 
electron microscopy. Figure 6 presents FE-SEM images of the 
cross-sections of samples containing biofillers and reveals that 

cellulose powder is homogeneously distributed throughout the 
polymer matrix. In contrast, wood powder exhibits a more het-
erogeneous distribution, and the presence of micropores within 
the matrix is also evident.

The monomer conversion of the biocomposite samples were esti-
mated by FTIR-ATR (spectra are reported in Figure S7). The re-
sults (Figure 7) depended on both the type and amount of filler. 
The conversion of the sample without biofiller was found to be 
89.5% ± 2.6%, and similar values were obtained with the inclu-
sion of 10, 30, and 50 phr of cellulose powder. The conversion 
values for samples containing 10, 20, and 30 phr of wood powder 
were calculated as 89.9% ± 1.7%, 87.6% ± 0.4%, and 87.9% ± 1.1%, 
respectively (Figure  7b). These results indicate that the ad-
dition of cellulose or wood powder to the system, regardless 
of the amount, does not have a significant effect on monomer 
conversion.

It should be noted that if the fillers are not dried before use, the 
water content in the powder markedly influences the degree of 
conversion (a comparison between the 70:30:10W samples with 
and without filler drying is provided in Figure S8). Without the 
drying treatment, that is, without removing residual water from 
the biofiller, the monomer conversion is lower and the polymer-
ization process is less efficient.

FIGURE 6    |    Cross-sectional FE-SEM images of the samples obtained by loading different amounts of bio-filler into the 70:30 DDDA:TMPTA 
sample by weight. Column (a) corresponds to samples containing varying amounts of cellulose powder, while column (b) corresponds to samples 
containing varying amounts of wood powder.
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DSC analyses showed that no significant change is observed 
in the presence of biofillers: the curves have no clear glass 
transition up to 250°C. (Figure S9). For all the systems con-
taining biofillers, the front velocity during PIFP was evalu-
ated, and the results are shown in Figure 7c. In general, the 
frontal velocity decreases with increasing filler content, as ex-
pected. A comparative analysis of the effects of wood powder 
and cellulose powder on frontal velocity, specifically in sam-
ples containing 10 phr of filler, clearly shows that the decrease 
in frontal velocity is more pronounced in the sample with 
wood powder than in the one containing the same amount of 
cellulose powder. These findings highlight the importance of 
not only the filler type but also particle size and total volume 
in determining frontal velocity. Further investigation is cur-
rently underway to better understand the underlying reasons 
for these differences.

In addition, when comparing cellulose and wood powder in 
terms of chemical composition, it is important to note that while 
wood is primarily composed of cellulose, it also contains lignin 
and phenolic compounds. These phenolic compounds may act 
as radical scavengers, potentially quenching some of the radi-
cals generated during polymerization [36]. This could result in 
a reduction in the frontal polymerization rate. However, since 
this topic is out of scope for this study, no detailed work on this 
matter has been conducted.

Maximum temperatures during PIFP were recorded using a 
thermal camera (see Video S3). Figure 8 reports the evolution 
of the maximum temperature in the non-irradiated area with 
time (the test lasted 30 s, independently on the length of the 
frontally cured samples). The reference 70:30 sample, which 
contained no fillers, reached a maximum temperature of 257°C 
approximately 5–6 s after the onset of irradiation, then the max-
imum temperature remained almost constant for the rest of the 
process. With the inclusion of cellulose powder, the maximum 
temperature decreased proportionally with increasing biofiller 
content. Additionally, the presence of the biofiller caused a 
slower rise to the maximum temperature. At a cellulose con-
tent of 50 phr by weight, the maximum temperature dropped 
to approximately 195°C and was reached after about 30 s. Upon 
the addition of wood powder to the system, a similar trend was 
obtained (Figure 8): a decrease in maximum temperature was 
observed with increasing filler content, and the time required 
to reach peak temperature increased. When the wood powder 
content reached 30 phr, the maximum temperature was re-
duced to 195°C.

Moreover, analysis of the relationship between frontal velocity 
and maximum temperature revealed a direct correlation be-
tween the two parameters, as expected: increasing biofiller con-
tent led to a corresponding decrease in both frontal velocity and 
maximum temperature.

FIGURE 7    |    (a) Monomer conversions of samples containing different amounts of cellulose powder, (b) samples containing different amounts of 
wood powder, and (c) comparison of frontal velocities for samples containing either cellulose or wood powder (reference sample = 70:30B, W = wood 
powder, C = cellulose powder).

FIGURE 8    |    Time-dependent maximum temperature profiles recorded during PIFP of systems containing different biofillers 
(DDDA:TMPTA weight ratio 70:30, B = blank, which is the sample that contains no fillers and is used as a reference; W = wood powder; C = cellu-
lose powder).
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3.3   |   Use of PIFP for Repair/Join Wooden Parts

As a proof of concept, we demonstrated the applicability of the 
developed composites as sustainable materials for repairing 
wooden parts or joining wooden components. In particular, the 
70:30:30W formulation was selected due to its higher viscosity, 
which improved processability, and its higher wood powder 
content, which enhanced sustainability. The formulation was 
placed into a wooden mold, and polymerization was initiated 
from a small lateral point using light at an intensity of 200 mW/
cm2 (Figure 9a). The front propagated throughout the entire ma-
terial, resulting in a fully crosslinked composite. The polymer-
ized sample was then subjected to a pull test, and the results 
were recorded.

During the tests all samples showed a load–displacement be-
havior characterized by an initial elastic region, followed by a 
plastic region (Figure 9c). The initial slopes in the elastic regions 
represent the stiffness of the adhesive joints: the average value 
out of eight trials is 995 ± 137 N/m. After the elastic response, 
in the plastic region the fracture takes place with a remarkable 
variability in the maximum force probably due to defects in the 
joint structure. Out of the eight samples tested, five detached 
from the larger wooden interface as shown in Figure 9b, bottom 
picture (red lines in Figure 9c), and the average maximum stress 
is calculates as 4 ± 1 kPa; while the remaining three detached 
from the smaller wooden interface as shown in Figure 9b, upper 
picture (blue lines in Figure 9c), giving an average maximum 
stress around 9 ± 1.5 kPa.

4   |   Conclusion

In this study, the curing of the bio-based acrylic monomers using 
photoinduced frontal polymerization was successfully achieved 
obtaining bulk samples in minutes. The reaction could proceed 
autonomously once the light stimulus is removed, depending 
on the average functionality of the system (i.e., the amount of 

acrylic reactive groups) and on the thermal control over the re-
active system (e.g., type of mold), given that the right concentra-
tion of photoinitiator and thermal initiator is chosen, Suitable 
conditions also allowed the polymerization process in the pres-
ence of wood powder and cellulose powder added at a concen-
tration of up to 30 and 50 phr, respectively: it was found that the 
addition of bio-based fillers generally led to a decrease in the sys-
tem's maximum temperature and frontal speed; however, there 
was no significant difference in monomer conversion.

The composites are proposed as material for repairing or join-
ing wood parts: it was demonstrated that using frontal po-
lymerization quantitative curing of the system was obtained 
between non-transparent wood joints and the mechanical test-
ing results were satisfactory.
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FIGURE 9    |    Sketch of (a) the irradiation of the formulation to initiate PIFP, and pull test to assess the adhesion of the composite, (b) pictures of 
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Supporting Information section. Data S1: Supporting Information. 
Video S1: Photoinduced Frontal Polymerization in the presence of 30 
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Frontal Polymerization in the presence of 30 phr of wood powder (sam-
ple 70:30 30W). Video S3: Photoinduced Frontal Polymerization moni-
tored by a thermal camera (sample 70:30 30W). 
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