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Novel sustainable synthesis of a formaldehyde-free
thermosetting phenolic resin through solvent-free
reactive extrusiont

Alex Maokhamphiou,®® Matthieu Zinet,® William Guerin,® Arnaud Soisson,?
Morgane Petit,” Guillaume Jobard,® Fernande da Cruz-Boisson,? Karim Delage,®
Romain Tavernier (2 and Véronique Bounor-Legaré (=) *@

This study proposes a new and elegant way to synthesize thermosetting phenolic resins through a green,
solvent-free and versatile reactive extrusion route. In that frame, terephthalaldehyde (TPA), a non-toxic
aromatic dialdehyde, has been selected to replace formaldehyde while resorcinol has been chosen as a
replacement of phenol. The syntheses were performed without solvent at temperatures between 150 and
170 °C with a reaction time of around 3 minutes. The resins were synthesized at different TPA-to-resorci-
nol molar ratios (0.6 and 1.6). This study investigates the mechanism and chemical reactions occurring
during the reactive extrusion by characterizing the resin composition through NMR and mass spec-
trometry (<1500 g mol™). In addition, differential scanning calorimetry (DSC) analyses were carried out to
study the kinetics of the reactions and to estimate the activation energies (32-54 kJ mol™) through
various calculation methods (Flynn—Wall-Ozawa, Friedman, and Vyazovkin methods). It was demon-
strated that multiple and consecutive reactions (electrophilic aromatic substitution and condensation)
occur during the reactive extrusion process. Additionally, the resins synthesized by reactive extrusion
exhibited an exothermic post-reactivity signature in DSC, enabling the estimation of the conversion
degrees of 0.63 and 0.59, respectively, for ratios of 0.6 and 1.6. Finally, the resins obtained through reac-
tive extrusion demonstrate great thermal stability even prior to post-heating.

1. Phenolic resins are usually synthesized from non-renewable and toxic monomers phenol and formaldehyde, using sol-
vents in batch processes. In this work, reactive extrusion is shown to be an efficient solventless process, allowing the syn-
thesis of prepolymers in a short residence time, with potentially bio-based monomers.

2. Curing kinetics allow assessing the reactivity of monomers. Then, formaldehyde-free resins were synthesized in approxi-
mately 3 minutes in a continuous process in a range of temperatures between 150 and 170 °C. The further crosslinked poly-
mers displayed high thermal stability and a high 7, value (197 °C).

3. Kinetic modelling allows for the screening of reactivity before setting the extrusion conditions. This method opens the
way for applying reactive extrusion using a large set of bio-based and non-toxic monomers. Further evaluation of the
energy efficiency and the LCA of these new resins is yet to be performed.

Introduction

For over a century, phenolic resins have been studied and
developed as an important thermosetting resin material. The
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origin of these phenolic resins, obtained by reaction between
phenol and formaldehyde, can be traced back to 1872 when
they were initially discovered by Adolph von Bayer." Since then,
phenol formaldehyde (PF) has gained worldwide attention as
it is widely used in a broad range of applications (electronics,
transportations, and buildings).>™* Phenolic thermosets
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exhibit great mechanical properties with excellent thermal and
chemical resistance®” as they present a highly aromatic and
crosslinked network.*?

However, these resins also display a number of drawbacks.
Phenolic resins are mainly synthesized from phenol and for-
maldehyde which are both toxic and classified as CMR
(carcinogenic, mutagenic and reprotoxic) chemicals.'®"!
Additionally, these monomers are fossil-based'® chemical
building blocks leading to cost and availability dependence on
petroleum prices, not to mention the growing environmental
concerns about using limited and non-renewable resources. In
turn, a lot of efforts have been made to substitute these com-
pounds in phenolic resins. The main challenge is to find a re-
placement of phenol and formaldehyde by low molar mass
monomers with great reactivities. This will lead to a high
crosslinking and aromatic density in the final material that
can be used in high-performance applications.

Previous studies have been carried out to replace formal-
dehyde with diverse aldehydes such as furfural'™'® or
glyoxal."®'* Nonetheless, even if both of these monomers are
less toxic than formaldehyde, they are still expected to be
harmful and classified as CMR.">'® Foyer et al.'” evaluated the
reactivity of phenol towards various bio-based and non-toxic
aromatic dialdehydes. In this study, the phenol and the alde-
hyde precursors were poured into a round-bottom flask and
heated at 130 °C. The resin synthesis reaction was initiated
with the addition of 0.3 eq. of sodium hydroxide dissolved in
50 wt% aqueous solution. 4-Hydroxybenzaldehyde, vanillin,
syringaldehyde and terephthalaldehyde (TPA) were tested as
alternative aldehyde monomers. The latter showed the best
reactivity owing to the second aldehyde group at the para posi-
tion relative to the first one, acting as an electron withdrawing
group and thus enhancing the reactivity of the opposite alde-
hyde. Moreover, terephthalaldehyde can react with up to four
phenolic compounds, leading to a highly aromatic and cross-
linked structure. Besides, the aromatic structure of TPA is
favorable to obtaining a material with a high glass transition
temperature and great thermal and mechanical properties.
Indeed, the cured materials produced from the phenol-TPA
resin exhibit a temperature of 500 °C at 10 wt% degradation, a
char yield of 69% at 900 °C under a nitrogen atmosphere'”
and a glass transition temperature of 160 °C.*® Thus, TPA is a
promising alternative to replace formaldehyde due to its non-
toxicity feature and its potential to be a bio-based compound.
Indeed, TPA can be produced from para-xylene, which is
involved in the mass production of bio-based polyethylene
terephthalate (Fig. S1 in the ESIt)."® Therefore, there is great
interest in producing this chemical component via sustainable
pathways using biomass. These pathways include cyclo-
addition of biomass-derived furans, synthesis from isobutanol
or direct conversion of lignocellulose via catalytic fast
pyrolysis.*®

On the other hand, phenol also has to be replaced in the
synthesis of phenolic resins. Lignin represents a considerable
source of renewable and bio-based phenolic compounds in
nature.>?* In 2004, the pulp and paper industry alone has
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generated 50 million tons of extracted lignin.*>** Many efforts
have been made towards the valorization of lignin as a raw
material to produce bio-based materials, and the lignin pheno-
lic structure can now be found in the production of some phe-
nolic resins.**® However, lignin is composed of three
different monolignol monomers, with varying ratios depend-
ing on the plant species, introducing possible variability in
their chemical structures.>® Furthermore, the use of crude
lignin as a substitute for phenol has been challenging as its
reactive aromatic sites are less reactive than those of phenol.
Therefore, crude lignin must be chemically modified to
increase the content of phenolic hydroxyl groups to enhance
the reactivity.>® Phenolation,*" methylolation®* and demethyl-
ation®* are among the various methods employed to enhance
the reactivity of lignin. However, these methods are still chal-
lenging to implement, requiring additional steps. Yet, resorci-
nol, a smaller phenolic monomer, appears to be a better candi-
date to replace phenol in the synthesis of phenolic resins as it
does not require any preliminary modification. Indeed, resorci-
nol presents an enhanced reactivity due to two hydroxyl func-
tions on the benzene ring (located at the meta position) activat-
ing the same aromatic positions and thus increasing their
nucleophilicity. Therefore, the three reactive positions are acti-
vated twice by the two hydroxyl groups. In addition to great
reactivity, resorcinol is a promising monomer as it can be pro-
duced from biomass following different pathways (Fig. S2 and
S3 in the ESIf).>* In fact, resorcinol can be synthesized from
catechin®® or glucose®® by fermentation. Resorcinol exhibits
lower acute toxicity compared to phenol, which can be fatal at
higher doses, and other substituents such as catechol or pyro-
gallol (all of them being CMR). For all the reasons previously
mentioned, resorcinol has been chosen for our proof of
concept. Granado et al.'® studied the curing of different phe-
nolic thermosets including resorcinol-TPA prepolymers pre-
pared in a round bottomed flask using ethanol as the solvent
and 0.04 eq. of NaOH (50 wt% aqueous solution) as the cata-
lyst. The prepolymer synthesis was performed at 30 °C for
1.75 hours. The samples were cured using a two-step curing
process involving pre-curing over 3 days at 100 °C (to eliminate
volatiles), followed by a post-curing phase at 200 °C for
8 hours. The resulting cured materials showed not only inter-
esting mechanical properties, with a glass transition tempera-
ture of 161 °C, but also high thermostability with a 10 wt%
loss at a temperature of 394 °C and a char yield of 61% after a
one-hour isotherm at 900 °C under pyrolysis conditions. These
results were very promising for obtaining bio-based materials
that could compete with current commercial formulations of
phenol-formaldehyde resins.

Currently, most of the phenolic resins are synthesized via
batch processes which present disadvantages such as long
reaction times or limited range in the viscosity, resulting in
the use of solvents to dilute the medium. Continuous pro-
cesses involving multiple reactors connected in series have
also been previously described.® However, this approach
remains uncommon for the production of PF resins due to the
limited flexibility in producing a diverse range of products. As

This journal is © The Royal Society of Chemistry 2025
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an alternative, the reactive extrusion process seems to be ideal
to overcome all these drawbacks. Reactive extrusion has been
used for various polymer synthesis processes,””° such as
polycondensation, polymer modification, blend compatibiliza-
tion or nanocomposite preparation. This process has the
benefits of being able to work at high temperatures, without
any solvent*""*> and with a wide range of raw materials display-
ing diverse physico-chemical properties. Moreover, the syn-
thesis duration is highly decreased compared to the batch
process.*’ For all these features, reactive extrusion could be an
approach to develop new generations of resins meeting the
current problematics and specifications in terms of perform-
ance, health safety and environmental concerns.

In this study, we have dealt with the feasibility of synthesiz-
ing a phenolic thermosetting resin from non-toxic and poten-
tially bio-based monomers via reactive extrusion without the
use of any solvent and catalyst. The structures of the molecules
obtained by reactive extrusion have been assessed by different
structural characterization techniques such as Nuclear
Magnetic Resonance (NMR) and Mass Spectrometry (MS). The
curing kinetics have been investigated by model-free methods
and the results provided deep insight into the curing mecha-
nism and notably the activation energy dependence on the
extent of conversion. The post-reactivity of the synthesized
resins was also compared to that of the novolac (with 12 wt%
hexamethylenetetramine) reference. Finally, the thermal stabi-
lity of the resins is evaluated for post-application. From a
broader perspective, this study aims to highlight the potential
of reactive extrusion as an eco-friendly route for synthesizing
thermosetting resins.

Results and discussion
Resin characterization and mechanistic investigation

The resins, synthesized by reactive extrusion with a TPA-to-
resorcinol molar ratio of 1.6 at 150 °C with a flow rate of 1 kg
h™", a screw speed of 100 rpm, and a residence time of
3 minutes and 10 seconds (RT1.6_T150[3'10]), were first ana-
lysed by 'H and "*C-NMR spectroscopy to determine the main
functional groups present in the synthesized resins (see
Fig. 1). The spectra depicted a wide range of signals which can
be classified as follows:

- The regions between 9.6 and 10.2 ppm on the '"H-NMR
spectrum and 191.8 and 193.5 ppm on the "*C-NMR spectrum
correspond to the signals of the aldehyde functional groups.
Notably, the 'H-NMR signal of aldehyde function from
residual TPA is still observed at 10.2 ppm, indicating that this
monomer has not fully reacted. The other signals appearing in
the same range between 9.7 and 9.9 ppm, correspond to the
aldehyde moieties present in the resin structures (Fig. 1A).
Similar observations were made on the C-NMR spectrum
with an intense aldehyde signal at 193.1 ppm from non-
reacted TPA, close to several more shielded signals from the
resin-bound aldehyde carbons between 192.2 and 192.7 ppm
(Fig. 1B).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 NMR spectra of the resin synthesized by reactive extrusion with a
TPA-to-resorcinol molar ratio of 1.6 (RT1.6_T150[3'10]). The extrusion
temperature was set to 150 °C with a flow rate of 1 kg h™* and a screw
speed of 100 rpm. (A) *H-NMR; (B) *C-NMR (DMSO-ds/298 K).

- In the region between 8.8 and 9.2 ppm on the "H-NMR
spectrum, the signals observed were attributed to the hydroxyl
protons of the resorcinol moieties. Indeed, the 2D HSQC spec-
trum showed no correlation dots (Fig. S4 of the ESI}), confirm-
ing that the corresponding hydrogen atoms are not directly
attached to carbons but are more likely to oxygen atoms.

- In the region between 6.0 to 8.2 ppm on the "H-NMR spec-
trum, the signals observed were attributed to the protons of
the aromatic rings as they correlate with signals between 102.7
and 158.5 ppm on the *C-NMR spectrum, which are usually
expected for carbons of substituted benzene rings. In this
region, the signals of residual monomers can also be observed.
Actually, on the '"H-NMR spectrum, the signal appearing at
8.1 ppm is attributed to the aromatic protons of the TPA. On
the C-NMR spectrum, the aromatic carbons of the residual
TPA are respectively observed at 130.0 and 139.7 ppm. In
addition, the signals of the aromatic carbons of the resorcinol
are also noticeable at 102.4, 106.2, 130.0 and 158.4 ppm. The
precise attributions of these signals are presented in Table 1.

- Finally, the signals observed below 6.0 ppm on the
"H-NMR spectrum and at around 41.9 ppm on the “C-NMR
spectrum are attributed to methine bridges between aromatic
rings of TPA and resorcinol moieties, resulting from the con-
densation of resorcinol with a methylenol function.

As those signals may come from a complex mixture of reac-
tion products, 2D-DOSY NMR was performed for a more in-

Green Chem., 2025, 27, 3887-3904 | 3889
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Table 1 Chemical shift attribution of the NMR signals of the monomers
in DMSO-dg. The proton signals of resorcinol are not separated from the
oligomer signals

Chemical shift

(ppm)

Compound Structure Labelling H B
TPA o) a 10.2 193.1
N2 a — 139.7
2 az 8.1 130.0

as
NS
(@)
Resorcinol b, b, — 102.4
HO ¢ OH b, — 158.4
2 bs — 103.6
b, ba — 130.0
b,

depth structural characterization. This technique enables the
correlation of "H-NMR chemical shifts with the self-diffusion
coefficients of the corresponding molecules in solution,***’
facilitating the differentiation of compounds based primarily
on their size, which is mainly governed by their molar mass. A
stimulated echo sequence with bipolar gradient pulses
(ledbpgp2s Bruker pulse program) was used for data acqui-
sition with a diffusion delay set to 0.15 s and a gradient pulse
length of 2600 ps. The resulting 2D DOSY map is shown in
Fig. 2. On this map, separation was evidenced by three distinct
diffusion coefficients. The residual TPA appears with a

View Article Online
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diffusion coefficient of Drpy = 5.6 x 107'° m? s while the
resorcinol is not detected, in accordance with the excess of
TPA used for the synthesis. The first detectable molecule
(trimer 1) presents a diffusion coefficient of D; = 2.8 x 107"
m?” s™'. The other molecules are not well separated and have
an average diffusion coefficient of Dyger = 2.1 x 107'° m? 57
These values are higher than the ones classically obtained
with polymers of high molar masses, which are more likely
one order of magnitude smaller than 2.0 x 10™"* m? s™*.*® This
observation is thus qualitative evidence that the species
created in these resins have low molar masses. Additionally,
with the 2D DOSY technique, a first structure has been identi-
fied by isolating the signals on the "H-NMR spectrum which
correlate with the diffusion coefficient D;. Additional NMR
experiments (**C-DEPT, 2D HSQC and HMBC - see Fig. S4-S6
in the ESIf) combined with those DOSY results allowed us to
solve the precise structure of trimer 1 (see Table 2). The reac-
tion scheme leading to the creation of the first species is due
to the first reaction of TPA and resorcinol through electrophilic
aromatic substitution (addition) yielding a secondary alcohol
(methylenol). Then, the generated methylenol function reacts
with a second resorcinol monomer through a condensation
reaction leading to trimer 1. Besides, the b, position (Table 1)
of resorcinol located in between the two hydroxyl groups pre-
sents a higher electron density meaning that this position is
supposed to be more reactive. However, this structure invol-
ving a reaction on this position is not observed on the NMR
spectra. Actually, this position is sterically hindered by the
adjacent hydroxyl groups and then becomes less reactive com-
pared to the other two para-position reactive sites’”*® as
observed with the identified structure. The 2D DOSY data con-

C12 [+ a C
1 ¢4 Vadl 2 11
[T ST il
il ‘ ” \ -—-I
I, Other molecules i1, . | o
1 ) W / '
| Trimer 1 i —
|

a TPA { .9,25

1'0 9' é '; 8’ F2 [ppm]

Fig. 2 2D DOSY map of the resin synthesized by reactive extrusion with a TPA-to-resorcinol molar ratio of 1.6. The extrusion temperature was set
to 150 °C with a flow rate of 1 kg h™ and a screw speed of 100 rpm (RT1.6_T150[3'10]). Diffusion time 4 = 0.15 s and gradient pulse length 5 =

2600 ps. Solvent: DMSO-dg at 298K.
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Table 2 Chemical shift attribution of NMR signals from trimer 1 ident-
ified using the DOSY technique in DMSO-dg

Chemical
shift (ppm)
Compound Structure Labelling H Bc
Trimer 1 [ 9.9 192.5
c, — 134.0
s 7.7 129.0
Cy 7.1 129.0
Cs — 153.0
Co 5.9 41.9
c, — 120.3
Cg 6.4 129.0
Co 6.1 105.6
C10 9.0 156.5
C11 6.3 102.4
Cin 9.1 155.4

firmed the presence of at least two distinct populations charac-
terized by different average molar masses. However, the 2D
DOSY analysis could not completely separate all the molecules
synthesized during the extrusion as the structures corres-
ponding to the diffusion coefficient Dypers Should have higher
and quite similar molar masses. For this reason, MALDI-TOF
analyses were carried out on the synthesized resins in order to
gain deeper insights into the mechanistic aspects of the reac-
tions (Fig. 3). Overall, the oligomers have mainly molar masses
ranging from 450 to 1500 g mol ™" (Table 3). From this analysis,
different populations can be determined. The mass difference
between the oligomers can provide valuable information about
the polymerization processes. Notably, the MALDI TOF spec-

View Article Online
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Table 3 MALDI-TOF fragmentation signals obtained with the resin syn-
thesized by reactive extrusion (RT1.6_T150[3'10]). The oligomer series
are presented in different colors. For the same oligomer series (same
color), there is a repeating pattern of +226 m/z

Oligomer
composition
Experimental Experimental
Resorcinol TPA Unreacted
M + Na* M+ Li* unit unit aldehyde
— 453.1 3 1 0
— 545.1 4 1 0
561.1 — 4 1 0
585.1 — 3 2 2
— 679.1 4 2 1
— 771.2 5 2 1
787.2 — 5 2 1
811.2 — 4 3 3
— 905.2 5 3 2
— 997.2 6 3 2
1013.2 — 6 3 2
1037.2 — 5 4 4
— 1131.2 6 4 3
1263.2 — 6 5 5
1489.3 — 7 6 6

trum clearly shows a repetitive pattern of peaks that enables
the identification of specific adduct series present in the
resins. For each oligomer series, there is an increase of +226
mj/z corresponding to the condensation of a single resorcinol-
TPA dimer onto the oligomer with the release of water (as illus-
trated in Scheme 1). Those successive condensation reactions
prevail over electrophilic aromatic substitution (addition) reac-
tions. In contrast, Granado et al.'® obtained different struc-
tures by the MALDI-TOF analysis of the resorcinol-TPA resin

100 453.1

20
543.1
80

70

60 769.2

562 g/mol

788 g/mol 1466 g/mol

50 679.1

Intensity (%)

800.6

1708.3

1621.8

Mass (m/z)

Fig. 3 MALDI-TOF spectra of the resin synthesized by reactive extrusion for a TPA-to-resorcinol molar ratio of 1.6 (RT1.6_T150[3'10]) in the positive
mode. An illustration of identified structures involving condensation reactions with a resorcinol TPA dimer with the release of water leading to a
molar mass difference of 226 g mol™ is displayed. The bond created by condensation is colored in green. The unreacted pending aldehydes are

highlighted in red for the structure with a higher molar mass.

This journal is © The Royal Society of Chemistry 2025
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Fraction 6
(Trimer 1)

Fraction 7

Scheme 1 Condensation reaction between trimer 1 with a resorcinol—
TPA dimer with the release of a water molecule.

synthesized in a batch reactor and in the presence of a base
catalyst. Even though they pointed out some condensation
reactions, they also observed addition involving TPA or
addition of the phenol to the dangling aldehyde moiety of the
oligomer. Herein, the condensation reactions are more domi-
nant, which can be explained by the selected temperature of
extrusion. Indeed, the high temperature set at 150 °C supports
polycondensation whereas lower temperatures favor methyl-
olation*® (addition reaction). Yet, it is still possible to observe
some addition reactions of resorcinol onto the available
second aldehyde function of TPA, resulting in the generation
of a methylenol group.

Based on the structures determined by MALDI-TOF, the
presence of unreacted aldehyde functions is confirmed among
the structures of the oligomers synthesized, which is in accord-
ance with the NMR analyses and the literature.'® These
unreacted aldehyde groups might be important for the post-
curing application as they can be involved in additional elec-
trophilic aromatic substitution reactions to form the final
crosslinked network. From this MALDI-TOF analysis, it is
clearly evidenced that different oligomer structures are syn-
thesized throughout the extrusion process.

To complete this characterization and give some quantitat-
ive information, flash chromatography has been performed on
the resin to recover 10 distinct fractions (see Fig. S7 in the
ESI{) that have been weighted and analyzed by "H-NMR spec-
troscopy (Fig. 4). From the NMR spectra, it is clear that the
first 3 fractions are attributed to the unreacted TPA and resor-
cinol (Fig. 4A). Nonetheless, fractions 1 and 2 are not comple-
tely pure, as additional signals appear in the spectra. These
signals are attributed to acetals and hemiacetals produced by
the reaction of methanol (employed as the polar eluent for the
flash chromatography analysis) with the aldehydes. It should
be noted that the unreacted TPA represents around 40 wt% of
the total recovered fractions. Regarding the initial ratio, it was
expected to reach 35 wt% of residual TPA. Yet, fraction 3
corresponds to 1.3 wt% of non-reacted resorcinol. In contrast
to the 3 first fractions, it was found to be more difficult to
assign accurate structures to fractions 4 and 5 (Fig. S8 in the
ESIt). However, these two fractions account for less than
2 wt% of the purified resin obtained through flash
chromatography.
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Fig. 4 H-NMR spectra (DMSO-de) and weight distribution of the main
isolated fractions recovered by flash chromatography of the resin syn-
thesized by extrusion (RT1.6_T150[3'10]). For more clarity, fractions 4, 5
and 10 (2.8% of the total weight) are not presented in this figure. (A)
Fractions 1 to 3 of the residual monomers; (B) fractions 6 to 9 of the oli-
gomers synthesized.

The synthesized oligomers constituting fractions 6, 7, 8 and
9 represent 56.4 wt% of the overall resin (Fig. 4B). The identifi-
cation of the chemical structures of oligomers from fractions 6
and 7 was managed by combining the NMR and mass spec-
trometry measurements (see in Fig. S9 in the ESI}). The oligo-
mers of fraction 6 exhibit a main molar mass of 336 g mol™".
Regarding the corresponding signals in the NMR spectrum,
fraction 6 contains trimer 1 previously identified with the 2D
DOSY technique. The oligomer structure from fraction 7 exhi-
bits a main molar mass of 562 g mol™". This structure is
obtained by the condensation reaction of trimer 1 identified in
fraction 6 with a resorcinol-TPA adduct (Scheme 1), confirm-
ing the mechanism of oligomerization highlighted previously.

In general, the hydroxyl group (located on the ternary
carbon) is considered to be a poor leaving group. Nevertheless,
theoretical calculations based on quantum chemistry theory
have revealed that the short-lived quinonemethide intermedi-
ate formation is energetically favorable.”®”" The structural
attribute of this intermediate species can produce resonance
forms that, in turn, enhance the stability of the carbocation

This journal is © The Royal Society of Chemistry 2025
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resulting from the departure of the hydroxyl group. In
addition, the electrophilic aromatic substitution on the second
aldehyde is less favored. Indeed, the analysis of the NMR
spectra has indicated the presence of pending aldehyde moi-
eties within the oligomer structure. Indeed, after the reaction
of the first aldehyde group, the second one is no longer acti-
vated in the para-position by electron withdrawing effects."” It
can also be noted that the oligomer structures of fractions 6
and 7 have been previously observed with MALDI-TOF analyses
as well as the condensation reaction pattern (Table 3).

Finally, fractions 8 and 9 mainly exhibit broader signals,
which indicate more complex structures from oligomers of
higher molar mass. Yet, the observed larger signals appear in the
same range of chemical shifts as aldehyde, hydroxyl, aromatic
and crosslinking regions. It should be noted that they were
already detectable as minor contributions in fractions 4 to 7.

Regarding the various structural analyses performed on the
synthesized resin by extrusion, it can be concluded that the
main reaction mechanism occurring within the extruder is the
condensation reactions yielding oligomers with pending alde-
hydes. However, we did not observe the first methylenol dimer
resorcinol-TPA obtained by electrophilic aromatic substitution,
which may be due to an already higher conversion (¢f. DSC
analyses of the resin) obtained at the end of the first extrusion
process. In addition, at the high extrusion temperature
chosen, the methylenol dimer resorcinol-TPA might react
instantly and cannot be directly observed using NMR or
MALDI-TOF techniques. Additionally, MALDI-TOF analysis
revealed that the highest molar mass depicted was 1466 g
mol ™" for a TPA-to-resorcinol molar ratio of 1.6 and an extru-
sion temperature of 150 °C. In contrast, according to the litera-
ture, the higher molar mass novolac has been used in order to
improve the thermal and mechanical properties of phenolic
resins, with number-average molar masses between 600 and
4000 g mol™", and weight-average molar masses between 2000
and 24 000 g mol*.*>**3® Thus, it would be worth exploring
the influence of different parameters such as the molar ratio
of monomers, the temperature of extrusion, the screw speed or
the flow rate in order to increase the oligomer size. To evaluate
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the average molar masses, the resins synthesized through reac-
tive extrusion were characterized by size-exclusion chromato-
graphy and compared to the novolac reference (Fig. 5, Table 4).

The novolac chromatogram reveals two main populations.
The first one appearing at a retention time of 27 minutes
corresponds to large oligomer structures, with an estimated
number average molar mass of around 4700 g mol~". The
second population centered at a retention time of 37 minutes
represents smaller chemical structures, with an estimated
number average molar mass of around 490 g mol " It has
been observed in the literature that free phenol, dimer and
trimer are generally separated in SEC from the population of
higher molar mass which presents higher polydispersity due
to the isomers formed.®*>**>* Therefore, the population
appearing at a retention time of 37 minutes is more likely com-
posed of a mixture of dimer, trimer, and tetramer species that
have not been fully separated. In contrast, the other population
corresponds to bigger oligomer structures with higher branch-
ing, characteristic of a random novolac and defining the
resin’s performance such as its mechanical strength and
thermal stability.

Regarding the resins synthesized by reactive extrusion, dis-
tinct peaks can be observed for the oligomers at 36.5 minutes,
the resorcinol at 38.5 minutes and TPA at 40 minutes of reten-
tion time. For a TPA-to-resorcinol molar ratio of 1.6
(RT1.6_T150[3'10]), the chromatogram shows a clear peak for
residual TPA, with no residual resorcinol, which is in accord-
ance with previous flash chromatography results (Fig. 5A). In
contrast, for a TPA-to-resorcinol molar ratio of 0.6 (RT0.6_T150
[3'10]), where resorcinol is in excess, no residual TPA is
observed and a small amount of resorcinol remains. In both
cases, the oligomers formed are more monodisperse and have
lower molar masses compared to the novolac reference, which
is in accordance with the small and linear structures identified
previously by NMR and MALDI-TOF analysis. A slight increase
in molar mass is observed when the synthesis is performed
with an excess of TPA (ratio 1.6), with a molar mass of 761 g
mol ™ for a ratio of 1.6 compared to 699 g mol~* for a ratio of
0.6. However, this difference is likely not significant.

A) —— RT0.6_T150[3'10] B) ——RT1.6_T150(3'10] C) ——RT1.6_T150[3'10]
——RT1.6_T150[3'10] ——RT1.6_T160[3'10] ——RT1.6_T150[2'50]_200rpm
-~ Novolac + 12 wt% HMTA ——RT1.6_T170[3'10] ——RT1.6_T150[2"]_2kgh
Novolac + 12 wt% HMTA Novolac + 12 wt% HMTA
Oligomers
Oligomers
Oligomers

Monomers Monomers Monomers

T T T T T T T T T T T T T T
15 20 25 30 35 40 45 15 20 25 35 40 45 15 20 25 30 35 40 45

Retention time (min)

Retention time (min)

Retention time (min)

Fig. 5 Chromatograms of novolac and the resorcinol-TPA resins synthesized by reactive extrusion under different extrusion parameters. (A)
Influence of the molar ratio of TPA-to-resorcinol; (B) influence of the extrusion temperature; and (C) influence of the screw speed and the flow rate.
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Table 4 Average molar masses of the oligomers synthesized by reactive extrusion under different extrusion parameters

Extrusion Screw Flow rate Residence
Sample Molar ratio temperature (°C) speed (rpm) (kgh™) time M, (g mol™) M,, (g mol™)
Novolac + 12 wt% HMTA — — — — — 4716 9137
(reference)
RT0.6_T150[3'10] 0.6 150 100 1 3'10 699 848
RT1.6_T150[3'10] 1.6 150 100 1 3'10 761 993
RT1.6_T160[3'10] 1.6 160 100 1 3'10 712 887
RT1.6_T170[3'10] 1.6 170 100 1 3'10 735 1029
RT1.6_T150[2'50]_200rpm 1.6 150 200 1 2'50 753 969
RT1.6_T150[2']_2kgh 1.6 150 100 2 2’ 771 981

Increasing the extrusion temperature from 150 °C to 170 °C
was expected to produce bigger oligomers. Yet, the chromato-
gram shows minimal changes, with an average molar mass in
number of around 750 g mol™' (Fig. 5B). At 170 °C
(RT1.6_T170[3'10]), TPA seems to be slightly more converted,
resulting in a smaller peak. A slight increase in the peak at
33 minutes retention time is also noted even though it is
minimal. Thus, this suggests that temperature does not appear
to be the primary factor in enhancing the system’s reactivity.

Reactive extrusion offers flexibility to adjust various para-
meters, such as screw speed and flow rate, to optimize the syn-
thesis process. Using a ratio of 1.6 and an extrusion tempera-
ture of 150 °C, resorcinol-TPA resins were produced by varying
the screw speed between 100 and 200 rpm and the flow rate
between 1 and 2 kg h™" (Fig. 5C). The chromatograms indicate
that even with a screw speed of up to 200 rpm (RT1.6_T150[2'
50]_200 rpm) or a flow rate of 2 kg h™ (RT1.6_T150[2']_2kgh),
the oligomer size remains unchanged. At 2 kg h™', TPA
appears to be slightly more converted, leading to an increase
in oligomer formation. In fact, a higher flow rate increases the
extruder’s filling degree, which benefits oligomer synthesis.
Additionally, it shows that increasing the productivity to 2 kg
h™" did not impact the resin synthesis which means that pro-
duction can be increased without altering the resin’s structure.

Despite the varying extrusion conditions, the oligomers
obtained are linear with a number average molar mass lower
than 1000 g mol™" in contrast to the novolac reference which
presents oligomers of higher molar masses and more branch-
ing. The short residence time inside the extruder may limit the
formation of bigger oligomers. While the increased screw
speed did not affect the oligomer size, it seems that increasing
the flow rate leads to higher conversion of TPA with a slight
increase in oligomer formation. Although there is a slight
increase in molar mass with increasing temperature, raising
the temperature does not seem to be the optimal parameter to
adjust. An alternative approach to achieve higher molar mass
could involve adding a catalyst to enhance system reactivity
and can also allow for a decrease in extrusion temperature.

Reactivity and kinetics studies

Phenolic resins fall within the category of thermosetting poly-
mers that are thermally curable. Consequently, DSC analyses
proved to be the most suitable and simple approach for inves-
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tigating the curing kinetics of the synthesized resins. In fact,
these analyses provide quantitative data, facilitating a deeper
understanding of the underlying mechanisms. On the one
hand, the curing kinetics investigation facilitates the evalu-
ation of the reactivity between resorcinol and TPA, along with
the determination of the activation energies during the syn-
thesis process. The activation energy readily provides valuable
and predictive insights into both kinetics and mechanisms.
On the other hand, the DSC analysis is also a useful instru-
ment for assessing both the conversion degree and the post-
reactivity characteristic of the resin synthesized by reactive
extrusion. Furthermore, the curing kinetics study gives pre-
cious information for the design of further curing cycles. A
good understanding of the curing mechanism coupled with a
control of the kinetics is essential for achieving a precise tar-
geted conversion.

The exothermic peaks observed in the thermograms are
indicative of the heat release associated with the various reac-
tions that occur within thermosetting polymers. Hence, it is
interesting to scrutinize the exothermic peaks as it can bring
important information on the mechanism underlying the dis-
tinct chemical reaction steps. DSC analyses at different heating
rates were first performed on the pristine system resorcinol-
TPA (TPA-to-resorcinol molar ratio of 1.6) prior to the extrusion
(Fig. 6).

It was observed that increasing the heating rate from 5 to
12.5 °C min~" resulted in a shift of both the initial (7;) and
maximum (7,) temperatures of the exotherm to higher values
(Table 5). As expected, the intensity of the exothermic peak is
higher with higher heating rates, given the greater energy
released from the reaction per unit of time. Remarkably, the
total enthalpy of the reaction is not dependent on the heating
rates (309 + 5 J g7') suggesting that the temperature program
does not influence the reaction mechanism. The thermograms
revealed three overlapping exothermic peaks (Fig. 6A).
Actually, multiple successive reactions of electrophilic aro-
matic substitutions and condensation reactions can be con-
sidered regarding the study of the oligomer structures
obtained during the extrusion. By integrating the exothermal
peaks, the degree of curing a can be plotted as a function of
the temperature giving a series of sigmoidal curves (Fig. 6B).
The curves shift to elevated temperatures as the heating rates
increase.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 DSC analyses of the pristine system resorcinol-TPA (TPA-to-
resorcinol molar ratio of 1.6) before extrusion. (A) DSC thermograms
after baseline corrections; (B) nonisothermal kinetic profiles.

Table 5 DSC results from thermograms of the pristine system resorci-
nol-TPA (molar ratio of 1.6) cured at different heating rates

B (°C min™") T; (°C) T. (°C) AH(Jg™)
5 98 191 315.3
7.5 105 205 308.7
10 107 215 300.3
12.5 115 220 311.2

The three model-free methods enable the calculation of the
apparent activation energies throughout the conversion degree
(displayed in Fig. 7). The calculated activation energy is not
only characteristic of the chemical reaction but may also be
influenced by diffusion effects. This is the reason why we refer
to it as “apparent activation energy”. The apparent activation
energies calculated at a conversion degree below 0.1 and above
0.9 are not represented due to the increased approximations in
the integration of the exotherm at the initial and final stages

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Apparent activation energy as a function of the conversion
degree calculated using 3 different model free methods. The Friedman
(red) and the Vyazovkin (green) methods are superimposed.

of the reactions. These activation energies are spanning over a
broad range of values from 32 to 54 k] mol™".

The Friedman and Vyazovkin methods consistently yield
the same activation energy depending on the conversion
degree. This remarkable concordance underlines the accuracy
of the obtained result. In fact, both Friedman and Vyazovkin
methods respectively solve the differential and the integral
kinetic equations (eqn (7)) without approximations.®® In con-
trast, while the Flynn-Wall-Ozawa (FWO) method is widely
employed due to its ease of use, it remains that the method
has a low accuracy in evaluating E,.>® Indeed, as the integral in
eqn (7) does not have an analytical solution, the FWO method
uses Doyle’s linear approximation of the temperature integral
introducing a source of error in the activation energy calcu-
lated from the isoconversional method.>” Therefore, the
important integral approximation results in imprecise values
of E,. For that reason, in order to reach a better understanding
of the chemical mechanism occurring during the reaction, the
preference leans toward employing the Vyazovkin and
Friedman methods over the FWO method.”*"®

Regarding the Vyazovkin and Friedman methods, the acti-
vation energy spans over a wider range and the curves display
more complex trends. This can be attributed to the transition
from one reaction mechanism to another. From a conversion
degree of 60%, an unexpected decrease in activation energy is
observed, as we would expect an increase for higher conversion
degrees. Typically, increasing activation energy can be
assigned to a rising energy barrier due to viscosity increase
during the synthesis and the change in E, indicates a switch
from a chemically controlled reaction to diffusion control.”®
Normally, in thermosetting systems, the diffusion contribution
should become particularly significant towards the latter stage
of the curing process, during which the viscosity increases con-
siderably as a result of the growing polymer network.’® In
addition, the progressive increase of the glass transition
during the reaction should also affect the kinetics, leading to
higher activation energy in the latter stages of the crosslinking.

Green Chem., 2025, 27, 3887-3904 | 3895
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It is known that phenolic thermosets can achieve glass tran-
sition temperatures as high as 175-185 °C.°*"%> However, this
phenomenon is not observed in the present study and this
decrease in activation energies has been previously reported in
the literature.®® For instance, Granado et al®® observed a
similar trend in the synthesis of PF resole using 1,8-diazabicy-
clo[5.4.0Jundec-7-ene (DBU) as a base catalyst.

They attributed the decrease in E, to the absence of the
diffusion contribution to the activation energy and suggested
that the reactive sites are located on short still mobile mono-
mers and that the polymer network does not hinder the curing
kinetics with additional diffusion barriers. Nevertheless,
further investigation is needed to explain this decrease in acti-
vation energy.

Compared to the literature, the activation energies we
observed are lower than those reported for phenol-formal-
dehyde and phenol-TPA resins, which were previously noted
as 78 kJ mol™"."® This reduction can be attributed to the +M
electron-donating effect of the additional hydroxyl group in
resorcinol. Additionally, in the same work, they determined
the activation energy for the resorcinol-TPA system to be
between 56 and 65 k] mol™'. The difference between their
higher values and our findings might be explained by their
approach, which involved calculating the activation energy
based on a prepolymer already formed under solvent con-
ditions (ethanol) with the use of a base catalyst (NaOH).

Isothermal predictions using isoconversional analysis

Furthermore, the kinetics study offers valuable information for
the post-curing process and the optimization of the thermal cycle
required to complete the 3D network formation. Indeed, the
Vyazovkin method enables kinetic predictions of the conversion
degree under isothermal conditions. The predicted time o7,
necessary to reach a specific conversion degree a* by isothermal
curing at temperature Ty is calculated by summing the times
necessary to obtain the successive elementary conversion incre-
ments (Aa = 0.005) according to the following equation:*®

a* "
_ JIEa;Td]
toeq, = —Sadd
“n= 2 oo [E (1)
RT,

where JE,,T,] represents the average of the J functions from all
heating rates datasets (rather than an arbitrary single one) at
conversion a. Note that only the elucidation of J values and
activation energies E, are needed to compute the predictions.
The predicted isothermal conversion vs. time profiles are pre-
sented in Fig. 8.

Regarding the isothermal predictions at different tempera-
tures (Fig. 8A), at the chosen isothermal temperature of
140 °C, the complete conversion is reached in 48 minutes
while at 190 °C, the total conversion is reached in 14 minutes.
These predictions are crucial in the context of the reactive
extrusion process. Indeed, they provide valuable insights for
the optimal selection of temperature and residence time
within the extruder. These parameters play a critical role in
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Fig. 8 Isothermal prediction curves. (A) Isothermal predictions at
different temperatures; (B) comparison of predicted and experimentally
measured isothermal kinetic profiles at 150 °C.

preventing excessively high conversion degrees that may lead
to the complete blockage of the extruder due to the formation
of not only insoluble but also infusible crosslinked materials.
On the other hand, low temperature of extrusion results in
extended reaction time to reach a targeted conversion degree,
which is incompatible with the limited residence time con-
straints imposed by the extruder (less than 4 minutes).

To evaluate the prediction accuracy, one of the simulated
curves is compared to experimental results. An isothermal
temperature of Ty = 150 °C has been chosen and the exotherm
of the reaction has been monitored for 50 minutes. The
and predicted curves
demonstrates that the Vyazovkin method accurately describes
the curing kinetics (Fig. 8B).

Nevertheless, it is essential to consider that these predic-

accordance between experimental

tions are generated from DSC analyses where the reactions
occur without any shearing or mixing throughout the process.
In contrast, reactive extrusion implies screw rotation, and the
kneading elements induce high shear rates that facilitate
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effective mixing of the monomers and enhance interactions
among them. Consequently, the prediction data can be taken
into account to determine a specific extrusion temperature.
However, the conversion degree of the resin at the end of the
extruder might deviate from the predicted value. This hypoth-
esis was verified by performing additional DSC analyses of the
synthesized resin.

Conversion and post-reactivity study

As previously mentioned, DSC analyses is useful not only as a
valuable tool to elucidate the mechanisms of the various reac-
tion steps but also to provide insights into the post-reactivity
of the resin. Actually, DSC analyses enable the evaluation of
the extent of conversion of the resin after its synthesis by reac-
tive extrusion (Fig. 9).

It is noteworthy to point out that the resins synthesized by
reactive extrusion exhibit a residual enthalpy of reaction
(Fig. 9B), indicating that the obtained resin can be further
post-cured. In contrast, the Novolac does not have any func-
tional group within its oligomer structure and therefore
requires the use of a crosslinker. In this case, hexamethyl-
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Fig. 9 DSC thermograms of resorcinol-TPA formulations with different
TPA-to-resorcinol molar ratios. (A) DSC thermograms of the resorcinol—
TPA formulations prior to the extrusion; (B) DSC thermograms of the
synthesized resins by extrusion at 150 °C, 100 rpm and a flow rate of
1kgh™
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enetetramine (HMTA) is employed for this purpose. The
exothermic peak of the Novolac is shifted toward lower temp-
eratures (150 °C) compared to the resorcinol-TPA system.

The conversion degree a of the resin obtained by reactive
extrusion can be determined using the simple following
equation:

_ AHtotal — AHg
AHtotal

(2)

where AHy the residual reaction enthalpy of the synthesized
resin and AHrpg, the total enthalpy of the reaction of the
initial system resorcinol-TPA.

The thermograms show that the pristine system displayed a
total enthalpy of 260.3 and 301.3 ] g~ for TPA-to-resorcinol
molar ratios of 1.6 and 0.6, respectively. The heat released for
the synthesized resins was measured at 104.3 J g~ for the 1.6
ratio and 110.0 J g~* for the 0.6 ratio. Thus, the conversion
degrees of the formulations, obtained through the reactive
extrusion process, is determined to be 0.59 and 0.63 respect-
ively for the ratios 1.6 and 0.6. These measured values are
noteworthy when compared to previous predictions based on
DSC data analyses for the ratio 1.6 (Fig. 8). Under isothermal
conditions at 150 °C, the predicted time required to reach a
conversion degree of 0.59 was 15 minutes and 20 seconds. Yet,
in reactive extrusion, this degree of conversion is reached with
an estimated residence time of 3.2 minutes. This evidences a
significant influence of the shear brought by the extrusion
process leading to faster reaction rates for the synthesis of phe-
nolic resin, in a continuous process.

Considering the impact of the extrusion process, it is inter-
esting to look at the potential effects of various extrusion para-
meters on the conversion degree, including the extrusion
temperature, the screw speed and the flow of materials. The
corresponding conversion degrees for the ratio 1.6 under
different extrusion parameters are presented in Table 6.

Increasing the temperature from 150 to 170 °C resulted in
an increase in conversion degree from 59 to 64%, as we would
expect from the kinetics. Additionally, the screw speed and
flow rate influence the shear rate and the residence time
within the extruder.®® In fact, increasing the screw rotation
speed leads to an increase in the shear rate. However, despite
an increase in the screw speed from 100 to 200 rpm, the con-
version degree remains constant at 59%. On the other hand, a
higher flow rate usually leads to a higher degree of filling,
which is in favor of the oligomer synthesis. Indeed, an
increased degree of filling leads to higher shear rates because
the material is forced through a confined space under greater
pressure. However, increasing the flow rate in reactive extru-
sion shortens the residence time of the resin within the extru-
der due to the higher volume of monomers introduced, which
tends to accelerate the transport of the material through the
extruder. Herein, the data indicate that an increase in flow rate
from 1 to 2 kg h™" raises the conversion degree from 59 to
62%. It appears that the enhanced shear rate from higher
filling has a more significant effect than the reduced residence
time. The changes in temperature, screw speed, and flow rate
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Table 6 Influence of extrusion parameters on the conversion degree of the resin with a TPA-to-resorcinol molar ratio of 1.6

Sample Temperature (°C)  Screw speed (rpm)  Flow rate (kg h™")  Residual enthalpy AHg (Jg~')  Conversion a (%)
RT1.6_T150[3'10] 150 100 1 104.3 59
RT1.6_T170[3'10] 170 100 1 94.7 64
RT1.6_T150[2'50]_200rpm 150 200 1 104.0 59
RT1.6_T150[2']_2kgh 150 100 2 99.0 62

led to only slight improvements in conversion. These obser-
vations correlate with the previous SEC analyses showing
slight increases in molar mass (Table 5). Herein, the extrusion
conditions tested were not sufficient enough to push the con-
version to significantly higher levels. Therefore, further investi-
gation into increasing the screw rotation speed and the flow
rate could be interesting to observe a more significant impact
on the conversion degree. Additionally, modifying the screw
profile to increase the shear rate could also be beneficial in
increasing the resin conversion. If these extrusion parameters
turn out to effectively govern the conversion degree, varying
these parameters might be more relevant than increasing the
temperature of extrusion, enabling lower energy consumption
during synthesis.

Thermal stability of the resin synthesized by reactive extrusion

The thermal stability of the synthesized resins was assessed
through TGA (Fig. 10). At 400 °C, the resin with a TPA-to-resor-
cinol molar ratio of 1.6 presents 20 wt% of weight loss, while
the resin of ratio 0.6 exhibits a loss of 15 wt%. The 20 wt%
weight loss observed for the ratio 1.6 can be attributed to
different phenomena. Firstly, as indicated previously in Fig. 4,
the resin contains residual monomers (mostly TPA) that have
not reacted during the synthesis in the extruder. In addition, it
has been measured on a Kofler bench that the TPA sublimates
around 116 °C. Therefore, volatile evaporation of these
unreacted monomers could contribute to the weight loss at

100 +
80 A

704

9
< 604
=
2 504
()
2 40

301
20 1
——RT1.6_T150[3'10]
ol . . . I—RT|05_T1L;';0[3'10]
50 100 150 200 250 300 350

Temperature (°C)

400

Fig. 10 Thermogravimetric analyses of the resins obtained by extrusion
with different TPA-to-resorcinol molar ratios. The extrusion temperature
was set to 150 °C with a flow rate of 1 kg h™* and a screw speed of 100
rpm. The thermograms were recorded at 10 °C min~* under an inert
atmosphere.
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<200 °C. Moreover, as the resin is still reactive when subjected
to temperature (¢f. DSC analyses), there is a possibility that
condensation reactions still occur during the analysis, resulting
in the release of water. The higher conversion degree of 0.63 for
RT0.6_T150[3'10] might explain the lower weight loss around
200 °C compared to RT1.6_T150[3'10], which has a conversion
degree of 0.59. Both of these hypotheses have been clarified
using TGA analysis coupled with the infrared spectroscopy
(TGA-IR) technique (Fig. S10-S13 in the ESIf). The evolution of
the IR absorbance peaks corresponding to water (3745 cm™") and
C=O0 stretching vibration (1716 cm™) characteristics of the alde-
hyde function of the TPA moiety have been monitored through
the heating ramp. It has been noted that the first weight loss at
107 °C correlates with the sublimation of TPA. Water release has
also been observed at the same temperature, which is indicative
of the water adsorbed by the resin. Then, a second weight loss at
200 °C also shows the release of TPA and water. The evaporation
of TPA at this stage corresponds to the monomer volatilization
(as observed in Fig. S10 in the ESIf). On the other hand, the
signal of the water corresponds to its release during the conden-
sation reactions.

At temperatures higher than 230 °C, the resins are both
stable up to 400 °C. The resin obtained through reactive extru-
sion demonstrates great thermal stability even prior to post-
heating. In fact, Granado et al'® already demonstrated the
great thermal stability of their resorcinol-TPA phenolic resin
synthesized in ethanol showing high degradation temperature
and high char yield. The remarkable thermal stability of this
resorcinol-TPA phenolic resin is mostly due to the high aro-
matic content brought by both monomers and the high cross-
link density.

Mechanical properties of the cured resin

Given the structure with an elevated aromatic content of the
phenolic networks, examining the final properties of the cured
material was particularly relevant. The mechanical properties
of a cured sample were analyzed using DMA on a bar-shaped
sample cured at 110 °C for 24 hours. The results, shown in
Fig. 11, reveal a glassy plateau at ca. 0.6 GPa and a T, value of
around 197 °C. In comparison, Granado et al. reported a
higher glassy plateau of 1.7 GPa for their resorcinol-TPA resin
but a lower T, value of 161 °C.*® It is important to note that
the DMA in this study was conducted in three-point bending
mode, whereas Granado et al. performed their analysis in
tensile mode, complicating direct comparisons. Additionally,
they obtained defect-free samples by performing a slow curing
program (3 days at 100 °C followed by 8 hours at 200 °C in an

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 DMA analysis of the cured resorcinol—TPA resin at a ratio of 1.6
(RT1.6_T150([3'10]), cured at 110 °C for 24 hours.

autoclave), which may also account for the observed differences.
Additionally, they also evaluated the properties of the phenol-for-
maldehyde resole resin, which exhibited a higher storage value at
the glassy plateau of 2.8 GPa but a comparable T, value of 196 °C
to our cured resin. Although the storage modulus of our cured
resin is lower compared to the PF resin, the obtained values are
still high enough for high-performance applications, regarding
the high glass transition temperature. However, with a curing at
110 °C, the material might not be completely crosslinked. The
resin likely vitrified when T, exceeded the curing temperature.
The insoluble fraction of this cured resin is approximately 86%.
To fully complete the curing process and potentially enhance the
properties of the cured material, an additional curing step
between 180 and 200 °C (regarding the DSC thermograms in
Fig. 9) could be beneficial.

Conclusions

In this work, we have developed a method for the synthesis of
thermosetting resins by reactive extrusion, which is a signifi-
cant advance over traditional batch synthesis.

Furthermore, phenolic resins were obtained using mono-
mers that are potentially bio-based. Oligomers of different
molar masses have been synthesized in a short residence time
(around 3 minutes). The mechanistic investigations revealed
that the main reactions occurring within the extruder are con-
densation reactions accompanied by water release. This
insight is valuable for optimizing the design of the extrusion
process, involving the presence of vents or vacuum pumps to
facilitate water elimination.

The kinetics study and the methods implemented for calcu-
lating the apparent activation energies through the degree of
conversion provided key information on the reactivity of the
formulations. In fact, given the very short reaction time
imposed by a continuous process of extrusion, it is necessary
to use monomer systems with high reactivity to achieve

This journal is © The Royal Society of Chemistry 2025
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advanced conversion. Terephthalaldehyde and resorcinol dis-
played great reactivity towards each other without additional
catalysts. It will be interesting to look at the reactivity of other
bio-based phenolic and aldehyde monomers in the future.
Besides, the resins exhibited post-curing abilities without the
addition of any crosslinker, in contrast to novolac resins.

Deeper investigations could be conducted to determine the
influence of the extrusion parameters on the conversion
degree of phenolic resins. Additionally, the screw profile could
also be tailored to increase the shearing rate or extend the resi-
dence time during the extrusion process. Finally, the use of
catalysts could be explored to address the challenge of achiev-
ing a high conversion degree in a short time residency.

The outcomes of this study are very promising for the
future of bio-based phenolic resins obtained via reactive extru-
sion. The synthesized phenolic resins are expected to be suit-
able for traditional applications, such as adhesives in the
wood industry, as well as coatings and organic binders for
various composite materials. Their physical form, whether
liquid or solid, determines their applicability in different con-
texts requiring phenolic prepolymers. Liquid resins are ideal
for use in prepregs for structural composites, while solid
resins are better suited for applications involving novolacs.
Notably, solid resins find utility in the production of porous
carbons, ion-exchange resins, and carbon nanoparticles.

Moreover, the advantages of this process could make these
formaldehyde-free formulations competitive and ultimately
replace phenol and formaldehyde ones in the current synth-
eses, thanks to the potential increase in productivity achieved
due to this inherent continuous process. Besides, the solvent-
free approach qualitatively suggests a more environmentally
friendly method, as the E-factor (environmental factor),
defined as the ratio of total waste (kg) to total product (kg),
should be close to 0, indicating that no waste is generated rela-
tive to the total product weight. Further life cycle analysis of
resin synthesis via reactive extrusion could provide a complete
assessment, considering energy efficiency and enabling a com-
parison with conventional PF resin synthesis.

Experimental part
Materials

The chemical structures of the monomers and their main

physico-chemical properties are presented in Fig. 12.
Terephthalaldehyde (99%) was supplied by Synthon

Chemicals GmbH. Resorcinol (>99%) and deuterated dimethyl

Properties

Molar mass (g/mol)
Physical state

Melting point (°C)

O\
HO\©/OH
So

Boiling point (°C)

10
Powder
109 - 111

178

134
Powder
114 - 116
245 - 248

Resorcinol  Terephthalaldehyde

Fig. 12 Chemical structures and physico-chemical properties of resor-

cinol and terephthalaldehyde.
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Methanol and dichloromethane were supplied by Carlo Erba.
The novolac (with 12 wt% hexamethylenetetramine) reference
resin was supplied by Prefere. All chemical products were used
as received without any further purification.

Resin synthesis

The resin is synthesized by reactive extrusion using a corotative
twin-screw extruder (Leistritz ZSE 18 HPe model, a screw dia-
meter of 18 mm, L/D = 68). The twin-screw profile is presented
in Fig. 13. The monomers are introduced through the hopper
in the extruder separately via two gravimetric feeders. Four
zones of high shear rates are implemented with kneading
elements. Three open vents are placed in the last part of the
extruder for efficient devolatilization of potential residual
monomers and reaction sub-products such as water released
by the condensation reactions occurring during the synthesis.
The mean residence time of the resin is estimated at approxi-
mately 3 minutes 10 seconds for a screw rotation speed of 100
rpm and a flow rate of 1 kg h™" (simulation on Ludovic 6.1
software). For a screw rotation speed of 200 rpm and a flow
rate of 1 kg h™", the residence time is decreased to 2 minutes
50 seconds. For a screw rotation speed of 100 rpm and a flow
rate of 2 kg h™
The resin samples are named according to the following
format: RTX_TY[residency time], where “R” stands for resorci-
nol, “T” represents terephthalaldehyde (TPA), X refers to the
TPA-to-resorcinol molar ratio, and TY refers to the extrusion
temperature. The mean residency time is indicated in brackets,
formatted as [minutes’seconds].

All the syntheses were realized without any solvent and cata-
lyst. The syntheses were carried out under various conditions.
First, resins were synthesized by varying the TPA-to-resorcinol
molar ratio from 0.6 (excess of resorcinol building blocks) to 1.6
(excess of TPA building blocks). These ratios were selected to
observe potential variations in reactivity and final thermal pro-
perties. The temperature of extrusion is modulated from 150 to
170 °C. Different global flow rates have been tested from 1 to 2 kg
* as well as different screw speeds from 100 to 200 rpm. The
complete resin characterization and the mechanistic investigation

(DMSO-ds) were supplied by Sigma-Aldrich.

! the residence time is decreased to 2 minutes.
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have been carried out on the resin synthesized by extrusion at
150 °C with a flow rate of 1 kg h™
a TPA-to-resorcinol molar ratio of 1.6 (RT1.6_T150[3'10]).

, a screw speed of 100 rpm and

Curing kinetics theory and computations

The degree of curing (or conversion) « is assumed to be pro-
portional to the heat release measured by differential scanning
calorimetry (DSC) analysis under non-isothermal conditions. It
can be determined using the following equation:

AH total

a(t,T) =

3)

where AH,r *is the cumulative heat of reaction released at
time ¢ and AH,u, is the total enthalpy of the reaction. The
zero degree of curing corresponds to the unreacted mix of
monomers.

The general equation in kinetic methods considers the reac-
tion rate to be a function of only two variables, the temperature
T and the extent of conversion a:

da
= KT (@) (@

where da/dt is the reaction rate, k(T) is the rate constant and
fla) is the reaction model. The temperature dependence of the
rate constant is generally described using the Arrhenius
equation:

k(T)=A-exp (— %) (5)

where A is the pre-exponential factor, E is the activation energy
and R is the universal gas constant. Then, eqn (4) becomes:

% — 4 exp <_ %) () (6)

Integration of eqn (6) leads to:
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where F(q) is the integral form of the reaction model.

o0 Feeder 2
3 TPA

[3]2T1]

ST-0€-Z-v4D

OF OE ¢-v4D
44

OE-ST-Z-V4O

06-0£-2

Kneading elements

Fig. 13 Twin-screw profile.
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Under non-isothermal conditions, for a constant heating
rate f = d7/dt, the integral in eqn (7) can be rewritten with
respect to temperature:

Fla) = %LT exp (7 1%) dr (8)

To avoid the necessity of identifying a reaction model, the
isoconversional principle is frequently employed. Indeed, iso-
conversional methods stand out as the most reliable methods
to study the kinetics of thermally activated processes. These
methods do not require identifying the reaction model (model-
free kinetic approach). The fundamental assumption of the
isoconversional method is that the reaction model is not
dependent on the temperature or the heating rate.”>”° This
assumption is verified from the different linear heating rates
data revealing a constant reaction enthalpy and parallel kinetic
profiles. Consequently, three different isoconversional
methods using non-isothermal DSC experimental data were
tested to evaluate the activation energy of the system through-
out the synthesis and the cross-linking process: Flynn-Wall-
Ozawa (FWO), Friedman and Vyazovkin methods.

The first isoconversional method tested relies on a number
of approximate solutions because the integral in eqn (7) does
not have an analytical solution.’®*” The Doyle linear approxi-
mation of the temperature integral gives rise to the Flynn-
Wall-Ozawa (FWO) equation:

In (8;) = const — 1.052( Fa ) (9)

RTy
where i represents the i temperature program, f; is the corres-
ponding heating rate and T,; is the temperature at which the
extent of conversion a is reached. Therefore, the activation
energy E, at a specific conversion can be estimated through
linear regression on the (1/T,,; In(f;)) data points obtained
from several (a minimum of three is recommended) distinct
temperature programs.

The Friedman method is another common differential iso-
conversional method.*>®” The Friedman’s equation is derived
from eqn (6) without any approximation and is expressed as
follows:

Eq
RT,;

In (?) =In[Af(a)] — (10)
t a,l

Hence, similar to the FWO method, performing linear
regression on the (In(da/dt), ; In(p;)) data points acquired
from multiple temperature programs enables the determi-
nation of the activation energy E, at a specific conversion.

The Vyazovkin method®”®® is a numerical integral method
also based on the isoconversional assumption and displays
numerous advantages: it takes into account the self-heating/
cooling that can occur during DSC analyses and it can be
applied to any program (including cooling and multi-step
programs).>® Additionally, the integral method avoids inac-
curacies coming from noisy data. To obtain the best accu-
racy in the determination of the activation energy, small
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conversion degree increments Ao are selected for numerical
integration. For a series of n temperature programs, the acti-
vation energy E, at a specific extent of conversion a is
obtained as the value for which the following function @ is
minimized:

" O JEa, Ti(ta)]

D(Ea) =32

i:lj#i.] [Em Tj(ta)]

(11)

where the integral function J[E,,T(t,)] for the i temperature
program is defined as:

ta

JEa, Ti(ta)] = J

ta—ta

exp {— Ria(t)} dt (12)

The Vyazovkin method code was implemented using
MATLAB software. Integral functions and activation energy
values were calculated with an increment of Aa = 0.005. The J
integrals were evaluated using the built-in quad function based
on a recursive adaptive Simpson quadrature method. The
minimization of the ¢ functions was performed using the
built-in fininsearch function implementing the Nelder-Mead
Simplex direct search method.

Characterization techniques

The separation of the different species from the resin syn-
thesized by extrusion was realized by a flash chromato-
graphy technique using a Reveleris X2 (Biichi Labortechnik
AG) instrument. The separation was realized through solid
deposition prepared with a silica gel (particle size
63-200 pm) and 10 g of the sample. The species were separ-
ated with a gradient program of solvent A (dichloromethane)
and solvent B (methanol). The separation was monitored
with two types of detectors: a UV detector and an evapora-
tive light scattering detector (ELSD). The fractions obtained
were recovered and dried by evaporating the solvents under
reduced pressure.

1D-'H, 2D-'H/"*C HSQC and HMBC and 'H-DOSY Nuclear
Magnetic Resonance (NMR) spectra were recorded using a
Bruker Avance III spectrometer equipped with a 5 mm BBFO+
robe operating at 400.1 MHz for 'H observation. *C-NMR
spectra were recorded using a Bruker Avance 1I equipped with
a 10 mm "3C-selective probe operating at 100.6 MHz for '*C
observation. All samples were solubilized in deuterated
dimethyl sulfoxide (DMSO-dg) and analyzed at 298 K. The
chemical shifts () were given in ppm and were referenced to
the tetramethylsilane (TMS) signal at 0.00 ppm.

Mass spectrometry was performed using a high-resolution
hybrid quadrupole-time of flight mass spectrometer (Impact
II, Bruker, Bremen, Germany) equipped with an atmospheric
pressure chemical ionization (APCI) ion source. Samples were
diluted 10 times in methanol (>99.9% Optima LC/MS grade,
Fisher Chemical) and injected at 10 uL. min~" using a syringe
pump. The APCI ion source was operated in the negative ion
mode and the parameters were set as follows: corona dis-
charge, 4500 nA; dry heat, 200 °C; and nitrogen flow of the
nebulizer gas, 4.0 L min~'. The calibration of the mass

Green Chem., 2025, 27, 3887-3904 | 3901
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spectrometer was performed with an APCI/APPI Tuning mix
from Agilent Technologies (reference G2432A). The data were
processed using DataAnalysis 5.0 software.

The matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry measurements were
carried out using a Voyager-DE Pro (AB Sciex, Framingham,
MA) equipped with a nitrogen laser emitting at 337 nm. Ions
were accelerated to a final potential of 20 kV. Mass spectra
were the sum of 300 shots, and an external mass calibration
was used (a mixture of peptides from Sequazyme™ standards
kit, AB Sciex). Analyses were recorded in the positive and
reflector mode. The matrix used was o-cyano-4-hydroxy-cin-
namic acid (CHCA) dissolved in a mixture of water : acetonitrile
(50:50 v:v). The cationizing agent used was Li,SO4 at 10 g L™*
in water. The samples were dissolved in acetone at a concen-
tration of 10 g L™". Then, a mixture of 45 uL of the matrix solu-
tion, 5 pL of the sample solution, and 5 pL of the Li,SO, solu-
tion was realized. Finally, 1 pL of this final mixture was de-
posited on the MALDI sample plate, and then dried in
ambient air.

Molar masses of the different resins were determined by
SEC using an Agilent 1200 Series device with Agilent Polargel-
M 300 x 7.5 mm columns. Differential index refraction was
measured with a Wyatt Optilab rEX (4 = 658 nm) refractometer.
Polystyrene samples of different molar masses were used as
standards for calibration. Solutions with a concentration of
5 mg mL~" were prepared in DMF with LiNTF2 salt. The solu-
tions were filtered with 0.45 pm polytetrafluoroethylene (PTFE)
filters and eluted through columns with DMF at a flow of
0.5 mL min™".

Differential scanning calorimetry (DSC) was used to study
the reactivity of the monomers and the curing kinetics. DSC
runs were performed with a DSC Q200 from TA instruments
equipped with a cooler module. The atmosphere was dry nitro-
gen at a flow rate of 50 mL min~". High-pressure gold plated
pans and lids (15 MPa, 25 pL) were used to prevent parasite
signals from volatile evaporation. The samples were weighed
to be around 5 mg. In this work, four heating rates were
selected in order to carry out the kinetic study: g = 5, 7.5, 10,
and 12.5 °C min~". To evaluate the conversion degree of the
resin synthesized by extrusion, we selected a heating ramp of g
=10 °C min~".

Thermogravimetric analyses (TGAs) were carried out on an
SDT Q600 from TA instruments. The heating ramp was set
from room temperature to 400 °C at a heating rate of 10 °C
min~'. The atmosphere was dry nitrogen at a flow rate of
50 mL min~". The samples were weighed to be around 10 mg
in open alumina pans.

Dynamic mechanical analyses (DMAs) were carried out
using a DMA Q800 from TA Instruments using the three-point
bending mode. The clamp with a 50 mm span was used.
Dynamic sample deformation was performed at an amplitude
of 20 um at a frequency of 5 Hz. The tests were conducted with
a preload of 0.1 N. The analyses were performed from RT to
400 °C at 5 °C min~". The sample dimensions were 60.0 x 13.0
X 4 mm.
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