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Abstract The demand for eco-friendly alternatives to petrochemical-based phenolic resins has risen due to increasing concerns about climate change,
environmental impact, and manufacturing costs. This study introduces a sustainable approach by partially replacing phenol with lignin, a
natural polymer rich in phenolic groups, extracted from Alfa stems. Using the alkaline method, 50% of phenol was substituted with lignin to
synthesize phenol-formaldehyde (PF) resins. The synthesized lignin—phenol-formaldehyde (LPF) resin was characterized to verify its
chemical structure and physical properties. The resin demonstrated significant antioxidant and antibacterial activity, particularly against E. coli
and P. aeruginosa gramrnegative bacteria at a concentration of 20 mg/ml. Additionally, the lignin substitution provided notable advantages over
conventional industrial resin formulations. The lignin’s properties closely influenced the formulation of the LPF resin, making it similar to the
reference CPF resin. However, the lower intensity observed in the LPF resin suggests potential limitations in the methylol group formation
compared to the CPF resin. The antioxidant activity of LPF resin has been effectiveness in preventing corrosion on steel surfaces. When
applied as an anti-corrosion coating and compared to industrially used CPF resins, LPF resin demonstrates its efficacy in such applications.
Also, it should be noted that the impedance modulus of the elaborated resin coating remained consistently low throughout the entire immersion
period, indicating its stable performance.
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Abstract

The demand for eco-friendly alternatives to petrochemical-based phenolic resins has risen due to increasing concerns about
climate change, environmental impact, and manufacturing costs. This study introduces a sustainable approach by partially
replacing phenol with lignin, a natural polymer rich in phenolic groups, extracted from Alfa stems. Using the alkaline method,
50% of phenol was substituted with lignin to synthesize phenol-formaldehyde (PF) resins. The synthesized lignin—phenol-
formaldehyde (LPF) resin was characterized to verify its chemical structure and physical properties. The resin demonstrated
significant antioxidant and antibacterial activity, particularly against E. coli and P. aeruginosa gram-negative bacteria at a
concentration of 20 mg/ml. Additionally, the lignin substitution provided notable advantages over conventional industrial
resin formulations. The lignin’s properties closely influenced the formulation of the LPF resin, making it similar to the
reference CPF resin. However, the lower intensity observed in the LPF resin suggests potential limitations in the methylol
group formation compared to the CPF resin. The antioxidant activity of LPF resin has been effectiveness in preventing cor-
rosion on steel surfaces. When applied as an anti-corrosion coating and compared to industrially used CPF resins, LPF resin
demonstrates its efficacy in such applications. Also, it should be noted that the impedance modulus of the elaborated resin
coating remained consistently low throughout the entire immersion period, indicating its stable performance.

Keywords Lignin - Alfa stem - Phenol-formaldehyde resin - Physicochemical characterization - Biological activities -
Anticorrosive coatings

Introduction plentiful and eco-friendly sources of cellulose and lignin

(Tribot et al. 2019). These resources, collectively referred to

With the urgent need to meet net-zero targets, addressing cli-
mate change and safeguarding the environment have become
top priorities for researchers. The petrochemical industry,
involved in producing phenolic products, is experiencing
a notable increase in demand across diverse sectors such
as dyes, synthetic floor coatings, additives, thermosetting
resins, dispersing agents, and paints. There is great promise
in utilizing renewable resources, fueled by the presence of
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as lignocellulosic materials, encompass jute, hemp, cotton,
Alfa stalk, and wood pulp, boasting lignin levels ranging
from 10 to 25% (Hu et al. 2011; Kuhad and Singh 2007).
Lignin, in its natural form, not only supports the structural
integrity of trees but also acts as a defense mechanism
against various chemical and biological threats (Pan et al.
2006). Particularly in plants with sturdy stems like Alfa,
lignin plays a pivotal role in providing antimicrobial prop-
erties (Qin et al. 2023; Tian et al. 2018), with these char-
acteristics greatly influenced by the source and method of
extraction.

Because of these characteristics, lignin demonstrates
water insolubility, natural stability, and acts as a binding
agent that links cellulose and hemicellulose together. It
possesses a three-dimensional macromolecular structure,
formed through the random polycondensation and enzy-
matic dehydrogenation of three alcohol-based monomers.
These monomers, distinguished by the number of methoxyl
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(OCH3) groups present on the aromatic ring, include p-cou-
maryl alcohols lacking methoxyl groups, coniferyl alcohols
with a single group, and sinapyl alcohols carrying two meth-
oxyl groups (refer to Fig. 1). These three monomers respec-
tively contribute to the formation of H (Hydroxyphenyls),
G (Guaiacyls), and S (Syringyls) units within the lignin
structure, with the proportion of each unit determined by
the biosource (Joe et al. 2023). However, the percentage of
p-coumaryl alcohol is typically lower than the others (Dong

et al. 2011) (refer to Fig. 1).
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The stochastic arrangement of lignin leads to the presence
of numerous functional groups (Kaur et al. 2017; Vanholme
et al. 2010), which clarifies its chemical compositions and
structural configuration (Monteil-Rivera et al. 2013). Lignin
molecules are mainly abundant in phenolic hydroxyl (OH)
groups, which then undergo reactions with formaldehyde
from the phenylpropane unit to produce phenolic resin (Lee

et al. 2009; Barton 1988).
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Extensive research has focused on producing phenolic
resin from agricultural lignin (Zakzeski et al. 2010; Jin
Huang et al. 2019). However, a significant hurdle arises from
the lower reactivity of lignin or bio-phenols, largely due to
the scarcity of extra active sites with formaldehyde needed
for synthesizing phenolic-formaldehyde resins (PF) (Sarkar
and Adhikari 2000). This challenge elucidates why partial
substitution of phenol, usually around 50%, has been pro-
posed. Yet, escalating the substitution rate might detrimen-
tally impact the performance of the end product, especially
in certain applications like the wood industry (Ghorbani
et al. 2016).

Research has shown that the characteristics of lignin are
largely shaped by the extraction method utilized, encompass-
ing various techniques such as alkaline lignin, organosolyv,
steam exploded lignin, Kraft lignin, and lignosulfonates,
with the latter containing notable amounts of sulfur (Caox-
ing Huang et al. 2022; Effendi et al. 2008). Consequently,

HO

OH
Alcool p-coumarylique

Fig.1 Monomers of lignin
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extraction methods are divided into two categories (Pilato
2010). The first category involves sulfur-free extraction
methods, which include different processes. One commonly
employed method is organosolv, which entails extracting
lignin from biomass using organic solvents and water at
temperatures ranging from 150 to 200 °C (Kuhad and Singh
2007). Solvents such as ethanol, methanol, acetone, ethyl-
ene glycol, and organic acids are utilized in this process.
Organosolv extraction is widely favored due to its positive
environmental impact (Hu et al. 2011; Monteil-Rivera et al.
2013; Saake and Lehnen 2007; Baumberger et al. 2007).

The second category comprises extraction methods
involving sulfur, known as lignin soda, which contributes to
around 5% of global lignin production (Laurichesse and Avé-
rous 2014). This extraction method primarily involves the
hydrolytic cleavage of native lignin using sodium hydrox-
ide solution (NaOH) at temperatures ranging from 150 to
170 °C. However, lignin produced through this method is
relatively less chemically modified compared to other types
of lignin (Pilato 2010).

In industry, sulfur extraction processes rely on sulfur
implementation through two distinct methods. The first
method, termed Kraft lignin, entails treating black liquor
(Decoction) from the paper industry, where lignin precipi-
tates during the acidification process in the presence of
methoxyl and carboxyl groups (Ragauskas, et al. 2014). The
second method, known as lignosulfonates or the sulfite pro-
cess, involves utilizing an aqueous solution of sulfur diox-
ide (SO,) along with other base solutions such as calcium,
sodium, magnesium, and ammonium (Pilato 2010).

The primary objective of this study is to explore a
novel approach that uses lignin, which is rich in phenolic
groups, as a partial substitute for phenol in the synthesis
of phenol-formaldehyde (PF) resins. In this study, 50%
of phenol was replaced with lignin, which was extracted
using the alkaline method from renewable natural

HO

H4CO OCH4
OH

Alcool sinapylique
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resources—specifically, raw Alfa stems. The choice of
50% substitution is based on previous research demon-
strating that higher substitution rates can adversely affect
the resin’s mechanical properties, while a 50% replace-
ment offers an optimal balance between sustainability and
maintaining desired resin performance. Characterization
analyses were carried out to verify the chemical struc-
ture and physical properties of the resin with this level of
lignin substitution. Additionally, the antioxidant and anti-
bacterial activities of the resulting resin were evaluated.

Experimental study
Materials and methods
Materials

The fiber from esparto plants, sourced from the East
region of Algeria, served as the raw material for lignin
extraction. Various chemicals were utilized during the
extraction and synthesis processes, including Phenol
(99%), Formaldehyde solution (37%), Methanol (99%),
Sulfuric acid (98%), and Sodium hydroxide (97%). These
procedures followed the alkaline method and were con-
sistent with established protocols for lignin extraction
and resin synthesis as referenced in the literature (Zakz-
eski et al. 2010; Jin Huang et al. 2019; Calvo-Flores and
Dobado 2010; Toledano et al. 2010; Brunow et al. 1999;
Khan et al. 2004a; Lee et al. 2012). To assess the anti-
oxidant activity of lignin, tests were conducted using
Dimethyl sulfoxide (DMSO), ABTS radical (2,2'-azino-
bis-(3-ethylbenzothiazoline-6-sulfonic acid)), and DPPH
radical-scavenging activity. The antibacterial activity
of lignin was evaluated using Gram-negative bacteria
Escherichia coli and Pseudomonas Sp, as well as Gram-
positive Bacteria Staphylococcus aureus.

Extraction of lignin

The Alfa threads (stems) were washed with distilled water
and subsequently dried in an oven at a temperature of
40 +2 °C for 24 h. The drying process was halted when the
difference in weight was quasi-stable, indicating no further
change had occurred. During this stage, scanning electron
microscopy (SEM) was conducted to gain insight into the
morphological structure of the Alfa thread specimens. The
SEM analysis revealed a non-homogeneous porous structure,
as illustrated in Fig. 2.

The dried stems were fragmented into pieces measuring
3 to 5 cm in length and then mechanically crushed. Sub-
sequently, 40 g of the crushed esparto fiber and 400 g of
sodium hydroxide (NaOH) solution with a concentration
of 5 mol/l were added to a flask with two open extremi-
ties, equipped with a cooling system and a thermometer.
The mixture was heated at 100 +2 °C for 7 h. It has been
reported in the literature that this process is more effective
for enhancing the antioxidant activity of alkaline lignin
(Hussin et al. 2013).

Thereafter, the contents were filtered to the suspended
pulp fibers, and neutralized with a 50% solution of sulfuric
acid (H,SO,) under a constant stirring for 7 h. At the end of
this stage, lignin precipitates were obtained. These precipi-
tates were recovered via vacuum filtration using filter paper.
Subsequently, the resulting mixture was washed with hot
distilled water to ensure the removal of any residual sulfuric
acid. Finally, the lignin cake obtained was dried in an oven
at40+2 °C.

Synthesis of lignin—-phenol-formaldehyde resin

The lignin—phenol-formaldehyde (LPF) resin was prepared
in two steps: first, the preparation of lignin-phenol (LP),
followed by the polymerization step to produce LPF resin.
In the first step, 85 g of lignin cakes were added to a
beaker containing 28 g of phenol. The mixture was then
stirred mechanically for 1 h at a temperature of 40+2 °C
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to obtain a homogeneous mass. For the second step, 75 g of
LP was mixed with 65.25 g of formaldehyde solution, 30 g
of methanol, and 30 ml of distilled water in a four-necked
round-bottomed flask equipped with a stirrer, thermometer,
reflux condenser, and dropping funnel. The mixture was
heated to 80+2 °C using a magnetic stirrer. Subsequently,
3.48 g of NaOH solution, serving as an alkaline catalyst,
was slowly added to the mixture over a period of 15 min.
The final mixture was left to react for 4 h before cooling to
room temperature. The resulting lignin-phenol—-formalde-
hyde resin was then collected.

Characterization of lignin and the formulated resin
FTIR analysis

A Fourier transform infrared spectrophotometer (FTIR) was
used to identify the synthesized lignin and resin. The analy-
sis was conducted using an iS-10 Thermo Nicolet apparatus
operating in ATR mode (attenuated total reflection) with a
ZnSe crystal (Serial Number: AKX1501953).

To ensure proper contact between the sample and
the crystal, a controlled pressure clamping system was
employed. The interface was operated using Omnic 9 pro-
cessing and analysis software.

NMR analysis

The chemical structures of lignin and resins were character-
ized using liquid nuclear magnetic resonance (NMR) spec-
troscopy in a dimethyl sulfoxide (DMSO) environment. The
DMSO solution contained 0.3% tetramethyl silane (TMS) as
an internal standard, and the measurements were conducted
at a room temperature of 20+2°C. The NMR analysis was
performed using Bruker liquid NMR equipment operating at
frequencies ranging from 400 to 600 MHz. The equipment
was equipped with measuring probes capable of analyzing
phenol-glucose organic compounds.

Thermal analysis

Differential Scanning Thermal Analysis (DSC) and Thermo-
gravimetric Analysis (TGA) were conducted simultaneously
using the NETZSCH STA 409PC/PG instrument (Simul-
taneous Thermal Analysis, Serial Number: 227 2 097 H).
This instrument operates based on the differential measure-
ment of thermal effects using two thermoelectric stacks and
the measurement of temperature-dependent mass loss. The
analyses were carried out under a nitrogen atmosphere, with
a heating regime up to 500°C at a rate of 10°C/min.

@ Springer

Biological activities of lignin extract

Antioxidant activity The ABTS + scavenging activity of the
lignin extract was assessed following the method outlined
by Re, Roberta, et al. (Li et al. 2018). Lignin solutions rang-
ing from 0.25 to 3 mg/ml were prepared for the analysis.
The absorbance of these solutions was measured at 734 nm.
The chelating activity percentage was calculated using the
following formula

OD. + ODy + ODg % 100.
OD,.
ey
where: ODC, ODB, and ODS represent the absorbances of
the control, the blank, and the sample reaction tubes, respec-
tively. The test was triplicated to ensure the accuracy of the
results.

The DPPH radical-scavenging activity of the lignin
extract was assessed according to Bersuder’s procedure
(Arasaretnam and Kirudchayini 2019), with slight modi-
fications. Lignin solutions ranging from 0.25 to 3 mg/ml
were prepared for the analysis. The DPPH radical-scaveng-
ing activity was calculated using the following formula:

ABTS" scavening activity(%) =

DPPHradical — scaveninigactivity(%)

A +A —A
_ control y blanc sample % 100.

@

control

where A, .: 1S the absorbance of the control -containing
all reagents except the sample, A,.: 1s the absorbance of
the blank -containing all reagents except the DPPH solu-
tion. A1t 1s the absorbance of the sample with the DPPH
solution.

Antibacterial activity An antibacterial activity test was
conducted on the extracted lignin against three species of
bacteria, including both Gram-positive and Gram-negative
strains: S. aureus, E. coli, and P. aeruginosa. The anti-
bacterial activity of the lignin solution at a concentration
of 20 mg/ml was evaluated using a well-diffusion assay
against one Gram-negative strain (Escherichia coli and
Pseudomonas Sp) and one Gram-positive strain (Staphy-
lococcus aureus-ATCC 25923) (Jiang et al. 2018).

For the assay, overnight cultures of the tested pathogens
were evenly spread on sterile Muller Hinton agar plates.
Small holes with a diameter of 6 mm were then made on
each plate using a sterile cork-borer. Subsequently, 75 pl
of the lignin solution was loaded into each hole, allow-
ing the solution to diffuse for 3 h at 4 °C. After diffusion,
the plates were incubated at 37 °C for 18 h. The diameter
(in mm) of the growth inhibition zone around each hole
was measured in duplicate. The appearance of a clear area
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below or around the sample was considered indicative of
antimicrobial activity.

Results and discussion
Chemical analyses of the extracted lignin
FT-IR spectroscopy

The identification of functional groups and the character-
istic absorption bands of the basic unit’s G (guaiacyl), S
(syringyl), and H (p-hydroxyphenyl propane) of lignin were
successfully determined through FTIR spectral analysis, as
presented in Table 1. The FTIR spectra of the esparto lignin
are illustrated in Fig. 3.

The differences in absorption frequencies of the lignin
are characterized by distinct bands and functional groups
formed during the extraction process. Specifically, the band
at the 3400 cm™! regions, revealed that there is vibration of
hydroxyl groups (O-H) bending. The peak at 2950 cm™!
characterizes the C—H vibration of the methylene groups
and the region of 1500, 1550, and 1610 cm™!, shows bands
attributed to the aromatic vibrations of the backbone. The
band at 1450 cm™! is attributed to the COH deformation in
the —CH3 of a methoxyl group, the broad bands at around
1120 ecm™", and 1030 cm ~! can be ascribed to the presence
of the set G units. Furthermore, the band at 830 cm™~' could
reveal to the presence of the H unit, indicating that the back-
bone of this lignin contains all three basic units H, G, and S.

Table 1 Assignments of FTIR spectra of lignin from Alfa stem

1H and 13C NMR spectra of Alfa lignin

The signals ranging between 0.8 and 0.9 ppm are associated
with the aliphatic proton fraction in the lignin. The peak
at 1.25 ppm indicated in Fig. 4, signifies the presence of
hydrogen in the aliphatic group of the lignin (Kalami et al.
2017). The peak around 1.57 ppm is attributed to hydro-
gen from H2O in the solvent. Therefore, a series of signals
ranging from 2.04 to 2.37 ppm are attributed to hydrogen
in the —CH groups from aromatic and aliphatic acetylation
derivatives (Tejado et al. 2007). The peak at 2.62 ppm can
present the DMSO, which was used as a solvent. Addition-
ally, peaks between 3.63 and 3.98 ppm indicate hydrogen
in the methoxyl group (-OCH3), which is primarily associ-
ated with the G/S ratio (Khan et al. 2004b). This analysis
clarifies that the FTIR peak at 1034 cm™' corresponds to
a higher G-unit content compared to the peaks 6.84, 6.82,
and 5.35ppm, which are attributed to the aromatic protons
of guaiacol (G) and syringyl (S) units in the lignin (Lau-
richesse and Avérous 2014; Vlietinck and Vanden Berghe
1991). The peak observed around 7.26 ppm corresponds to
CDCL3 chloroform, which was used as a strong solvent,
allowing a large number of samples to be dissolved with a
high concentration (Yang et al. 2007).

The identification of carbon in the lignin structure,
including aryl ether, aromatic and aliphatic, was performed
using C13 NMR (Scholze et al. 2001). Data for the iden-
tification of C13 lignin were collected from other works
(Glasser and Jain 1993; Zhang et al. 2013). Accordingly, the
regions between 107 and 124 ppm correspond to tertiary aro-
matic carbons, while the range of 58 to 106 ppm represents

Wave number Assignments References

(em™)

3400 Vibration O-H Vanholme et al. (2010), Calvo-Flores and Dobado (2010), Re

O-H stretching involved in hydrogen bonds et al. (1999), Bersuder et al. (1998), Vlietinck and Vanden

Berghe (1991), Abdelkefi et al. (2011), Khan et al. (2004b),
Serrano et al. (2010)

2950 C-H elongation vibration in methyl and methylene groups Calvo-Flores and Dobado (2010), Re et al. (1999), Vlietinck
and Vanden Berghe (1991), Abdelkefi et al. (2011), Khan
et al. (2004b), Serrano et al. (2010)

1610 Vibration of the C=0 conjugated with the aromatic rings Calvo-Flores and Dobado (2010), Re et al. (1999), Abdelkefi

1400, 1500, 1604 C-C vibrations in the aromatic ring

1123 Aromatic C—H vibrations related to S units
1034 Deformation in plan de C—H units of G (if G>S) or/and
vibration of C—O bonds in primary alcohols and/or C=0
stretching (unconjugated)
Vibrations of G units
830 Vibration of H units

etal. (2011)

Re et al. (1999), Vlietinck and Vanden Berghe (1991), Khan
et al. (2004b), Serrano et al. (2010)

Vanholme et al. (2010), Brunow et al. (1999), Re et al. (1999),
Bersuder et al. (1998)

Vanholme et al. (2010); Brunow et al. (1999), Re et al. (1999),
Bersuder et al. (1998), Baumberger et al. (2007), Laurich-
esse and Avérous (2014)

Re et al. (1999)
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Fig.3 FT-IR spectra of lignin 0.30

extracted from Alfa stem

0.25 ~

0.20 4

0.15 4

0.10 4

Absorbance

0.05 +

0.00 4

1 - I

L)
2500 2000 1500
Wave number (cm™)

L) = T
1000 500

f1 (ppm)

Fig.4 1H NMR spectra of lignin extracted from Alfa stem

oxygenated tertiary aliphatic carbons. The region between
57 and 54.5 ppm is attributed to methoxyl groups attached
to the aromatic carbons. The remaining region accounts for
non-oxygenated tertiary aliphatic carbons, including B-type
carbons in B-5 units and 8-B’ units (Kringstad and Morck
1983).

The C13 NMR spectrum of the esparto lignin, as depicted
in Fig. 5, illustrates various carbon resonances. Specifically,

@ Springer
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110 100 90 80 70 60 50 40

f1 (ppm)

Fig.5 C13 NMR spectra of lignin extracted from Alfa stem

the region between 60 and 80 ppm is attributed to oxygen-
ated aliphatic carbons, while the peak at 56 ppm corresponds
to the carbon of the methoxyl group (OCH3) in the syringyl
and guaiacyl units (Robert et al. 1989). Additionally, the
resonance peak observed at 102.5 ppm is associated with
aromatic carbons. The low intensity exhibited in this peak
suggests that the level of methoxyl groups bound to the
aromatic rings of the lignin is low. This limitation can be
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attributed to several factors, including the consequences of
cooking during the lignin extraction process and the poten-
tially low content of guaiacyl (G) and syringyl (S) units,
considering that the p-hydroxyphenyl (H) unit is methoxyl-
free (Lapierre et al. 1982).

Thermal characterization of Alfa lignin
Thermogravimetric analysis (TGA)

Figure 6 illustrates the TGA curve of the extracted lignin,
revealing three distinct phases of thermal decomposition.
Firstly, a 15% mass loss is observed between room tempera-
ture and 100 °C, attributed to the evaporation of absorbed
water. Secondly, a mass loss of 33.48% occurs between 200
and 350 °C, primarily due to the degradation of carbohy-
drate components within the lignin. During this phase, these
components are converted into volatile gases such as CO,
CO,, and CH,. Finally, a further 40% mass loss is observed
within the remaining interval of 350-500 °C. This mass loss
is attributed to the degradation of volatile compounds and
by-products of the lignin, including phenolic compounds,
alcohols, and aldehydic acids.

The TGA curve also depicts heat-initiated degradation
processes and decomposition of the lignin structure. It is
evident that the thermal properties of lignin depend on its
source; however, the degradation process predominantly
occurs between 200 and 350 °C. This phase involves the

fragmentation of inter-unit bonds and the release of mono-
mers and phenol derivatives into the vapor phase (Serrano
et al. 2010; Sjoholm et al. 1992; Thring et al. 1996, 1990;
Watkins et al. 2015).

Differential scanning calorimetry (DSC)

Figure 7 displays an endothermic peak attributed to the
removal of moisture when the sample is heated to 100 °C.
Additionally, the glass transition temperature is observed at
85.6 °C, characterized by an inflection point in the curve,
indicating a higher presence of internal moisture exceeding
20%. The glass transition phase can be attributed to the high
molecular weights and purity of the material (Kazayawoko
et al. 1992). At temperatures exceeding 200 °C, two distinct
exothermic peaks are observed. A small exothermic peak is
noted at 304 °C, followed by a larger one at 421.4°C. These
peaks are indicative of a carbonization process (Serrano
et al. 2010), where the lignin undergoes thermal decom-
position leading to the formation of carbonaceous residue.

Antioxidant and antibacterial activity of lignin
Antioxidant activity of lignin
The extracted lignin from the Alfa stems exhibits signifi-

cant chemical properties, primarily attributed to its ability
to act as a good proton and electron donor. It demonstrates

Fig.6 TG and DTG of lignin T -
extracted from Alfa stem OSC AmWimg) Temp./'C
15 fexo Poak 4214 °C 14 2m0mg
‘ 500
10 r400
s Transbon ’
I.th ‘. l " Peak 3040 7 9
Mecton 856 300
End ‘f i‘
3 Delts Ce ‘f':u 7K
200
0
100
5 0
0 5 10 15 20 25 30 35 40 45
Tine /min
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impressive antioxidant activity, achieving values of 93.9%
and 62.7% at a concentration of 3 mg/ml for protons and
electrons donation, respectively. This antioxidative capabil-
ity is indicative of the potential effectiveness of the alkaline
oxygen cooking process, which likely promoted oxidation
and condensation reactions within the lignin structure,
ultimately enhancing its antioxidant activity (Hussin et al.
2013). Moreover, the lignin demonstrates effective antioxi-
dant activity, which can be attributed to the higher content of
phenolic hydroxyl groups present within its structure (Matu-
ana et al. 1993; Kim et al. 2017; Penkina et al. 2012). These
phenolic hydroxyl groups are known for their ability to scav-
enge free radicals and inhibit oxidative processes, thereby
conferring antioxidative properties to lignin (Tables 2 and
3).

Antibacterial activity of lignin
Based on the aforementioned antibacterial activity find-

ings, the alpha lignin extract demonstrates effectiveness
at a concentration of 20 mg/ml against gram-negative

bacteria E. coli and P. aeruginosa, with inhibition zones
of 10.5 mm and 11.5 mm, respectively, as illustrated in
Fig. 8. However, no significant effect has been observed
when tested against the Gram-positive bacterium S. aureus
(with an inhibition zone of 6 mm), which suggests the
dependence of antibacterial activity on the type of lignin
utilized (Chen and Ho 1995; Zhao et al. 2018), as well as
the essential requirement for the presence of phenolic OH
groups for antibacterial efficacy (Qin et al. 2023; Sadeghi-
far et al. 2017). The mechanism of action underlying the
antibacterial activity of alpha lignin is effective against
gram-negative bacteria such as E. coli and P. aeruginosa,
involving either the attachment of lignin nanoparticles
to the cell wall or their penetration into the cell (Zhao
et al. 2018; Sadeghifar et al. 2017; Rocca et al. 2018).
This effectiveness is primarily attributed to the presence
of lipid compounds in the cell walls (Klapiszewski et al.
2015) (Table 4).

Fig.7 DSC calorimetry of
lignin extracted from Alfa stem TG % DTG /(%/min)
100.00 { e ‘ :
P |
.!\\‘.;_\_. - ~=*10.00
A | M ———— -~ - |
80.00 4 ‘\ 7 . { :
4 \
N |
\)  -5.00
60.00 1 |
40.00 | : o
\/f |
20004 }.15.00
$0.0 1000 1500 2000 2500 3000 350 4000 4500
Temoérature 'C
Table2 DPPH radical Value of
:lfaehgnin radical vaiue o Lignin concentration (mg/mL) 0 025 05 1 2 3
Antioxidant activity (%) (medium) 0 17.9 32.25 579 86.25 93.9
Standard deviation (SD) 0 2.12132  0.636396 0.707107  0.636396  0.707107
Table3 ABTS radical value of
avles radicat value © Concentration lignin 0 025 0.5 1 2 3
alfa lignin
(mg/mL)
Activity antioxidant (%) (Moyenne) 0 8.8 16.25 30.9 46.85 62.7
Standard deviation (SD) 0 0.282843 0.919239 1.697056  1.202082  0.282843
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Fig.8 Antibacterial activity of Alfa lignin

Table 4 Alfa lignin value for

. . . . Inhibition zone (mm)
potential antibacterial activity

E. coli 10.50+0.71
S. aureus  0.00+00
Pseudo  11.50+0.71

Characterization of resin
FTIR analysis

The lignin—phenol-formaldehyde (LPF) resin formulation
was analysed using the FTIR technique and compared with
the commercial phenol-formaldehyde (CPF) resin, as exhib-
ited in Fig. 9. From the spectra displayed in Fig. 9, both
LPF and CPF resins show absorption peaks at 3383 cm™!,
3347 cm™', and 3393 cm™', which can be attributed to the
presence of OH groups (Bersuder et al. 1998). The frequen-
cies of Phenol were characterized at the peaks 1610 cm™,
1475 cm™, 1240 cm™, 1170 cm™, 1010 cm™, and 785
cm™! (Lee et al. 2009; Vattem et al. 2004; Dong et al. 2012),
with peaks at 1662 cm ™! and 1610 cm™! could correspond to
the vibration of the aromatic ring C=C bonds (Vattem et al.
2004). Notably, the peak at 1240 cm™' observed in the LPF
resin spectrum exhibited higher intensity compared to the
commercial resin. This observation suggests a greater extent
of C-O stretching vibration of the phenolic-OH groups in
the LPF resin compared to the commercial resin. This differ-
ence could be attributed to the partial replacement of phenol

4000 3500 3000 2500 2000 1500 1000 500

Ccm™)

Fig.9 FT-IR spectra of CPF and LPF resin

by lignin, which contains both phenolic and non-phenolic
units in the LPF resin, thus resulting in a higher concen-
tration of phenolic-OH groups in LPF resins compared to
commercial resins (Kalami et al. 2017). The FTIR analysis
indicates that the LPF resin shares similar spectra with CPF
resins, suggesting that LPF molecules possess a common
molecular structure with CPF.

1H and 13C NMR spectroscopy of LPF and CPF

The spectra of the 1H aromatic protons of the CPF and LPF
resins are depicted in Fig. 10. The qualitative resemblance
between the two spectra is evident, indicating a high degree
of similarity in their molecular structures, which aligns well
with the FTIR results. The primary absorption bands above
6 ppm correspond to the presence of aromatic protons (Bed-
mutha et al. 2011). Bands observed between 4.6 and 4.5
ppm suggest the presence of methylene protons from the
hydroxymethyl groups adjacent to the aromatic rings, while
bands ranging from 3.9 to 2.6 ppm indicate methoxylated
protons, and those between 3.27 and 3.12 ppm signify meth-
ylene protons of the hydroxyl groups. Additionally, bands in
the range of 3.3 to 3.27 ppm represent the hydroxyl protons.
Specifically, in the LPF spectrum, aromatic acetate protons
are located between 2.2 and 2.6 ppm, whereas in the CPF
spectrum, aliphatic protons are observed with absorbance
between 1.5 and 0.8 ppm (Khan et al. 2004b; Serrano et al.
2010; Kalami et al. 2017; Tejado et al. 2007; Yang et al.
2007; Scholze et al. 2001; Glasser and Jain 1993; Zhang
et al. 2013; Kringstad and Morck 1983; Robert et al. 1989;
Lapierre et al. 1982; Sjoholm et al. 1992; Thring et al. 1996,
1990; Watkins et al. 2015; Kazayawoko et al. 1992; Matuana
et al. 1993; Kim et al. 2017; Penkina et al. 2012; Chen and
Ho 1995; Zhao et al. 2018; Sadeghifar et al. 2017; Rocca
et al. 2018; Klapiszewski et al. 2015; Vattem et al. 2004,
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- 2000

- 1000

f1 (ppm)

Fig. 10 1H spectra of: a LPF, b CPF

Dong et al. 2012; Bedmutha et al. 2011; Poljansek and Kra-
jnc 2005).

Solvent peaks are discernible at points corresponding to
2.37, 2.51, and 2.30 ppm. The spectral differences in the
LPF resin, including those associated with methanol bind-
ing, are explained by its formation during the synthesis pro-
cess. Additionally, the presence of methylene bridges and
other functional groups in the lignin structure plays a key
role in influencing the resin’s properties. The higher inten-
sity of specific peaks in the CPF resin suggests a greater
concentration of methoxyl groups attached to aromatic rings
compared to the LPF resin. These variations in peak intensi-
ties and chemical shifts reflect differences in the molecular
structures of LPF and CPF resins, which in turn affect their
thermal stability, mechanical properties, and suitability for
various applications. In conclusion, while both resins share
a similar structural foundation, the substitution of phenol
with lignin alters specific key properties. This modification
must be considered when evaluating their performance as
adhesive materials.

The C13 NMR spectra of LPF and CPF phenolic resins
show chemical shifts between 39 and 40.57 ppm, indicative
of the presence of methylene bridges. Additionally, this char-
acteristic can also be observed in the range of 34.75-34.85
ppm for CPF resin (Li et al. 2016). Notably, the LPF resin
exhibits a chemical shift of 49.07 ppm attributed to the pres-
ence of methanol formed during the synthesis process of the
phenolic resin (McElroy and Lai 1988; Alonso et al. 2001).

In Fig. 11, the methyl groups exhibit displacements
between 61.52 and 61.64 ppm for the CPF resin, and at
60.35 and 63.70 ppm for the LPF resin. Additionally, in the

@ Springer
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LPF resin, a displacement is observed at 94 ppm, indicating
the presence of dimethylene ether bridges. This observa-
tion corroborates the condensation process that occurred
between two methyl groups during the preparation of this
resin. Furthermore, a displacement at 102.21 ppm is evi-
dent in the LPF resin, corresponding to ortho-substituted
carbons, which contrasts with the CPF resin, where no dis-
placement is observed between 69.0 and 74.0 ppm (Rego
et al. 2004). The unsubstituted ortho-carbons are detected
at 115.45,115.38, 115.33, 115.20, 115.13, and 115.07 ppm
for the CPF resin, while in the LPF resin, they are observed
only at 118.27, 116.08, 115.99, 115.73, and 115.54 ppm
with a lower intensity. This decrease can be attributed to
the substitution of lignin, as the content of reactive sites of
lignin is lower than that of phenol. This is further supported
by the exclusive displacement in CPF of the unsubstituted
para-carbon of the aromatic ring at 119.17, 119.12, and
119.07 ppm.

A notable displacement between 126.68 and 131.69 ppm
is evident in the CPF resin compared to the displacement
in the LPF resin, which falls between 127.25 and 132.08
ppm. This displacement is attributed to ortho and para-
substituted carbon sites on the aromatic rings. Specifically,
the CPF resin exhibits a distinctive displacement at 132.34
and 132.51 ppm, corresponding to para-substituted carbon
sites. However, two shifts at 156.52 and 159.09 ppm are
observed in the LPF resin, along with a shift band ranging
from 153.45 to 157.05 ppm in the CPF resin, both attributed
to phenoxy carbons. This observation confirms the limita-
tion of lignin reactive sites (McElroy and Lai 1988; Yi et al.
2016; Werstler 1986).
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Fig. 11 C13 spectra of: a LPF, b CPF

Thermal analysis DSC-ATG

The TGA curve revealed three distinct decomposition phases
for LPF resin: moisture evaporation below 100 °C, carbo-
hydrate decomposition between 200 °C and 350 °C, and
volatile compound degradation between 350 °C and 500 °C,
the mass change of LPF resin exhibits greater intensity than
CPF resin at lower temperatures, typically below 150 °C for
LPF and 220 °C for CPF. Beyond these temperatures, the
evolution becomes more similar until reaching 400 °C. At
this point, the mass change in LPF accelerates, as indicated
by the DTG curve. It’s noteworthy that the weight loss is
higher in LPF compared to CPF resin, confirming findings
in the literature which suggest that the incorporation of
lignin in the resin formulation decreases the thermal stabil-
ity of the final product due to its lower molecular weight and
cross-linking density of LPF on average, resulting in reduced
reactivity (Calvo-Flores and Dobado 2010; Fan et al. 2009;
Neiss and Vanderheiden 1994). Consequently, this leads to
a lower onset of glass transition, where LPF resin exhibits
greater exothermicity above 200 °C. Therefore, the curing
temperature for LPF resin is higher than that for CPF resin.
Quantitatively, these values may vary depending on factors
such as lignin content, source, and extraction method (Trosa
and Pizzi 2001).

Differential scanning calorimetry (DSC) is used to iden-
tify the glass transition temperature (Tg), which indicates
the resin’s transition from a brittle to a rubbery state. The
results in Figs. 12 and 13 show that LPF resin had a lower
Tg than CPF resin, indicating reduced molecular rigidity.

b -1500
-1000
-500
AR uﬂ -0

[ [
160 140 120 100 80 60 40
f1 (ppm)

This suggests that the incorporation of lignin decreases the
resin’s cross-linking density, which influences its thermal
response and flexibility at different temperatures compared
to CPF resin, particularly when exposed to fluctuating envi-
ronmental conditions. These data suggest that LPF resin,
although less thermally stable than CPF, retains sufficient
properties to be used in applications requiring moderate
thermal resistance.

Application of elaborated LPF resin in paints

To practically evaluate the synthesized resin, three formula-
tions were prepared using the SOUDAFER BRUN ROUGE
solution. These formulations consisted of three types of res-
ins: liquid CPF resin, LPF formulated resin, and CPF* resin
(in powder form). The formulations were then applied to
metal plate surfaces in two different thicknesses: 100u for
characterization tests and 200u thickness for corrosion test-
ing. Table 5 presents the results of the characterization tests
obtained during the process.

Electrochemical study

An investigation into the electrode/electrolyte interface,
similar to the case of aqueous corrosion, was conducted
using electrochemical processes. This process necessitates
equipment capable of controlling and measuring electrical
potentials and currents at an electrochemical interface (see
Fig. 14). The electrochemical cell utilized in this study com-
prises the following components:
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Fig.12 TG (a) and DTG (b) of
CPF and LPF resin

DTG /(%/min)

50 100
Fig. 13 DSC calorimetry of DSC /(mW/mg)
CPF and LPF resin [111 exo
3
2
1

1066 °C
7

150

200 250 300 350 400 450
Temperature /°C
Temp. /°C
450
+400
F 350

r 300

250

— A PVC tube with a surface area of 15.9 cm” bonded to a
painted steel plate.

— Electrolyte: 70 ml of 3.5% NaCl solution (aerated and at
room temperature).

— Immersion time 1 h.

— Three electrodes: (One platinum counter electrode
(CE); a saturated calomel reference electrode (RE): Hg/
Hg2Cl,(ECS and a working electrode (WC): in which its
surface used as a site for the electron transfer reaction.

The interfacial electrical properties were characterized
using the electrochemical impedance spectroscopy (EIS)
technique. This involves measuring the response of an elec-
trode to a low-amplitude sinusoidal potential perturbation.

@ Springer
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In this study, impedance measurements were conducted in
potentiostatic mode, with a disturbance amplitude of 10 mV
and a frequency range from 1 mHz to 100 kHz. Impedance
diagrams were obtained using a PARSTAT 4000 Potentio-
stat/Galvanostat/EIS Analyzer, controlled with VersaStudi-
oI'M electrochemistry software.

Figures 15 and 16 show Bode diagrams generated in a
3.5% NaCl solution, covering a frequency range from 10
mHz to 100 kHz, with an amplitude of 10 mV around the
open-circuit potential.

The state of coating finish primarily relies on the values
of the modulus of low-frequency electrochemical impedance
(1Z10.05), which can be equated to the polarization resistance
(as depicted in Fig. 17).
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Table 5 Resin characterization

Characteristics Soudafer Soudafer Soudafer CPF*
results CPF (Resin Ref.) LPF
Viscosity (flow time) CF4 cut 95 s at 28°c 140 s at 28°c 120 s at 25°¢
Wet thickness(u) 100 100 100
Dry thickness (u) 15-23 15-21 15-25
Fineness 5.5 5.5 5
Dry extract (%) 31.42 29.74 25
Stability Stable Stable Stable
Appearance (gloss) (%) 11 0.3 14.5
Adhesion Good Very good Bon
Stamping (7 mm) Good Good Good
Shock Good Good Good
Hardness (dry) 180’ 189 94>
Density 0.971 0.976 0.980
Bending Good Good Good
*Powder form
Fig. 14 Schematic description Galvancstat Potentiostat

of the electrochemical cell used

Platinum counter electrode —p- 4— Saturated calomel reference electrode

Electrochemical cell
(NaC13.5%), S=15.9cm’

Adhesive

Frequency response analyzer

e |

Sample

?

Steel substrate (working electrode)

The evolution of Bode plots of healed coatings dur-
ing the immersion process in 3.5% NaCl solutions for 1
h is also presented in Fig. 15. It has been observed that
the impedance modulus of the elaborated resin coating
remained consistently low throughout the entire immersion
period. From Figs. 16 and 17, it is evident that the coat-
ing containing CPF demonstrated a good barrier property
after 1 h of immersion in the NaCl solution, with the best
impedance modulus observed at the low frequency of 0.1

104 JEbA

Conclusion 643

This study was involves utilizing lignin—abundant in phe- 644
nolic groups—as a partial substitute for 50% of phenol 645
in the synthesis of phenol-formaldehyde (PF) resins. The [Xekill6
obtained LPF resin was utilized as an adhesive corrosion- 647
resistant coating and was compared to other commercially 648
available corrosion coatings to evaluate its performance. 649

@ Springer

| Journal : Large 43538 Article No : 388 Pages : 17

MS Code : 388 Dispatch : 21-1-2025 |




Proceedings of the Indian National Science Academy

Fig. 15 Bode plots of imped- 1000000
ance versus frequency after + Sodafer CPF
1h immersion in 3.5% NaCl
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Fig. 16 Bode plots showing
-120
phase versus frequency after
1h immersion in 3.5% NaCl + Sodafer CPF
solution
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650 Based on our results, the following conclusions can be e FTIR and NMR analyses confirmed a low content of 655

651 drawn: methoxyl bound to the aromatic rings of the lignin 656

extracted, with higher G (gaiacyl) unit contents com- 657
652 o The alkaline method employed for the extraction of pared to S (syringyl) units. 658
653 lignin from the Alfa stem resulted in the production of

654 thermally stable lignin up to 250 °C.
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Fig. 17 The modulus of the
low-frequency electrochemical
impedance (1Z10.05)
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Sodafer CPF

e Alkaline lignin exhibits potential utility as an antioxi-
dant and antibacterial agent against gram-negative bac-
teria, attributed to the presence of phenolic OH groups.

e The specifications of the extracted lignin directly influ-
ence the properties of the formulated resin (LPF). Struc-
turally, LPF is similar to the reference resin (CPF);
however, quantitatively, the low intensity of peaks in
the formulated resin suggests limitations in the methylol
groups compared to CPF resin.

e The presence of methanol in the LPF phenolic resin dur-
ing the synthesis process was evidenced by C13 NMR,
resulting in decreased thermal stability and increased
exothermic release compared to the CPF reference.

e The decomposition mechanism of both resins remains
similar. For the application of elaborated resin coatings,
it is noteworthy that the coating comprising CPF demon-
strated effective barrier properties after 1 h of immersion
in a NaCl solution.
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