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Abstract: In this study, a waste of biorefinery—lignin—is investigated as an anticorrosion coating
on stainless steel. Corrosion behavior of two lignin types (hardwood beech and softwood spruce)
was studied by electrochemical measurements (linear sweep voltammetry, open circuit potential,
potentiostatic polarization, cyclic potentiodynamic polarization, and electrochemical impedance
measurements) during exposure to simulated body fluid (SBF) or phosphate buffer (PBS). Results
from linear sweep voltammetry of lignin-coated samples, in particular, demonstrated a reduction
in corrosion current density between 1 and 3 orders of magnitude cf. blank stainless steel.
Furthermore, results from cross cut adhesion tests on lignin-coated samples demonstrated that
the best possible adhesion (grade 0) of ISO 2409 standard was achieved for the investigated novel
coatings. Such findings suggest that lignin materials could transform the field of organic coatings
towards more sustainable alternatives by replacing non-renewable polymer coatings.

Keywords: stainless steel; polymer coatings; anodic/cathodic protection; cyclic voltammetry;
infrared (IR) spectroscopy

1. Introduction

A shift from primary to secondary resources in the large-scale processes used in the metals or
pulp and paper industries is essential in order to combat the declining availability of raw materials.
Consequently, it is necessary to follow the principles of circular economy in the development of
sustainable industrial ecosystems, and, from this perspective, it is surprising how underutilized some
of the side-streams of the biorefinery (pulp and paper) industries are. In particular lignin, which is
a very abundant natural polymer that provides the structural strength of plants [1,2] and has an annual
production of approximately 100 million tons globally. Nevertheless, despite this high level of output,
currently only 2% is utilized in value-added products, and the rest is predominantly burnt as a heat
source in the integral processes of pulp/papermaking [3]. The primary applications of isolated lignin
are surfactants, adhesives, and dispersants [3], although fundamental research on possible applications
of lignin is ongoing, including green replacements for plastics and packaging applications [4-6].
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This study demonstrates a proof-of-concept application of pure lignin as a corrosion protection
coating for metal surfaces. The main idea is that lignin alone can be utilized as the main material for
creating superior protection for metal surfaces, rather than considering lignin as a low profit margin
waste material. As far as the authors are aware, despite lignin’s well-known properties such as water
impermeability [7], hydrophobicity [2], and film-forming ability [8], as well as low cost and abundance,
pure lignin has not been suggested as a polymeric corrosion protection coating for metal surfaces. So far,
lignin has only been studied as a minor additive to barrier coatings from the perspective of structural,
mechanical [2,9], and corrosion inhibition [10-14]. Furthermore, the antimicrobial properties [9] and
biocompatibility [15] of this material could widen the application range to include functional coatings,
used for example in biomedical applications.

In general, lignin is classified into three categories—softwood, hardwood, and annual plant—and
all three types comprise, in varying amounts, three propane units: guaiacyl (G), syringyl (S),
and 4-hydroxylphenyl (H), which are linked with carbon—carbon and ether bonds [7]. The amount and
ratio of propane units within a particular lignin depends on the plant origin and, as a result, different
lignins can have different properties, potentially providing an additional route to control the resulting
film properties [16]. Hence, this study uses lignin from two different sources, beech (hardwood) and
spruce (softwood).

In order to exploit the significant quantities of lignin available, any intended application should
ideally be equivalently large scale and high volume. The corrosion of metals has a huge impact
on global economics, and it has been estimated that the cost of corrosion is approximately 3%—4%
of the gross national product, regardless of the country [17]. In addition to the economic impact of
corrosion, this phenomenon can also potentially pose a risk to health, with related failures ranging from
large-scale infrastructure like buildings and bridges, to highly specialized products like metal-based
medical implants. For example, even if stainless steel 316L is considered to be corrosion resistant and is
thus widely used in architectural [18,19], marine [18,20], and biomedical applications (like intravascular
stents [21], joint replacement prostheses [22], dental implants [23]), corrosion can take place when it is
exposed to chloride containing solutions [24]. As an example, it has been estimated that 90% of 316L
alloy implant failures are as a result of localized corrosion [22], therefore the exposure to physiological
environments can result in the release of allergens and/or potentially carcinogenic ions like Cr and
Ni into human body [21,22]. In order to tackle these problems, one method is to cover the surface
of the implant with a biocompatible coating to enhance the corrosion resistance, and to control the
dissolution of metal ions [22].

Although many different biopolymer hybrid coatings have been developed for functionalities like
increased mechanical, anti-bacterial, and corrosion protection [25-31], less research has been dedicated
to coating systems based solely on sustainable, bio-sourced, polymeric material combinations like
lignin, cellulose, and alginate [32,33]. In this research, the corrosion behavior of lignin coatings from
two different sources (hardwood and softwood) on stainless steel 316L in physiological solutions was
studied. Results clearly demonstrate that properties vary depending on wood source, and that the
strongly adhered lignin coatings show significant barrier properties against corrosion.

2. Materials and Methods

Stainless steel 316L was used as the substrate for the coating deposition, and the composition is
outlined in Table A1 [34,35]. The substrates were cut into 20 mm x 20 mm X 5 mm pieces and were
polished with 800-grit (~25 um) grinding paper. Afterwards, substrates were sonicated for 5 min in
a 1:1 ethanol:water solution to ensure a clean surface, before being dried with compressed air.

The two different lignin samples used in this study were prepared by organosolv-pulping processes
of beech (hardwood) and spruce (softwood) [Fraunhofer Center for Chemical-Biotechnological Processes
(CBP) [36], Germany, see Table 1] [37,38]. Both samples were dissolved in 1,4-Dioxane solvent
(Sigma-Aldrich, Steinheim, Germany, 99.8%) to produce two comparable solutions with a lignin
concentration of 60 mg-mL~!. Lignin coated surfaces were prepared by pipetting a lignin solution
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(0.5 mL) onto the 316L stainless steel substrate and spin-coating at 200 rpm for 300 s. Following
spin-coating, samples were annealed in a preheated oven at 120 °C (Memert, UN30) for 30 min.

Table 1. Plant source and G:S:H ratio of selected organosolv lignin [37,38]. G—guaiacyl, S—syringyl,
H—4-hydroxylphenyl groups found in different lignin types.

Plant Source G S H
spruce (softwood) 94 1 5
beech (hardwood) 43.2 55.4 1.4

Contact angle measurements were performed using a CAM200 goniometer (KSV, Helsinki,
Finland). For each spin-coated sample, the average contact angle value was determined from
five measurements of (5 uL) distilled water (repeated for two separate samples from both lignin
sources). The thickness of lignin coating was measured by cross-sectional scanning electron microscopy
(SEM, LEO 1450 VP, Zeiss, Jena, Germany). Prior to imaging, samples were cut across the center,
polished, and sonicated for 2 min in a 1:1 ethanol:water solution, before being dried with compressed
air. In addition, the coated samples were characterized by fourier transform infrared spectroscopy
(FTIR) (Nicolet 6700, Thermo Scientific, Waltham, MA, USA) with an ATR-D cell—32 scans over
a spectral range of 500 to 4000 cm~!—in order to study the effect of annealing and influence of
exposure to the physiological solution, after linear sweep voltammetry (LSV) measurements.

The surface morphology of the lignin coatings on stainless steel 316L for both non-annealed and
annealed samples was investigated by atomic force microscopy (AFM, Bruker AXS Inc., Madison,
WI, USA). Stainless steel samples of 10 mm x 10 mm were prepared in the same manner outlined
above—polished with diamond paste (down to 0.25 um), sonicated in 1:1 ethanol:water solution for
5 min, and dried with compressed air—before being spin-coated with the lignin solutions and annealed
as appropriate. Images of 4 um? were obtained with a MultiMode 8 scanning probe microscope,
and with a silicon cantilever (NSC15/AIBS from Ultrasharp MikroMasch, Tallinn, Estonia). Imaging
was conducted in tapping mode, and the typical resonance frequency of cantilever was 325 kHz.
Images were obtained from two different regions of each sample, and from two replica samples of each
lignin coating.

For all electrochemical measurements—except cyclic potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS)—samples were exposed to simulated body fluid
(SBEF) solution (pH = 7.4). The nominal ion concentration of the SBF used is presented in Table A2,
and it was prepared by following the procedure outlined in Kokubo and Takadama [39]. For cyclic
potentiodynamic polarization (CPP) and electrochemical impedance spectroscopy (EIS) measurements,
samples were immersed in phosphate buffered saline (PBS) solution (pH = 7.4), which was prepared
by dissolving a PBS tablet (Sigma-Aldrich) in distilled water (200 mL) (Table A2). All electrochemical
measurements were conducted at room temperature using a three-electrode setup, with Ag/AgCl
(saturated KCl) as the reference electrode (RE), platinum (Pt) as the counter electrode (CE), and the
spin-coated samples as the working electrode (WE) (Figure A1). For polarization and linear sweep
voltammetry (LSV) measurements, a PGSTAT 302N electrochemical workstation (Autolab, Utrecht,
The Netherlands) was used, whereas open circuit potential value (OCP), EIS, and CPP measurements
were carried out with an Iviumstat XRe (Ivium Technologies, Eindhoven, The Netherlands).
The potential range of LSV was —0.8 to 0.4 V vs. Ag/AgCl (sweep rate = 25 mV-s~!), and exposed
WE area was 0.95 cm?. The polarization was performed at +50 mV vs. OCP—OCP determined
after 30 min of stabilization—and the polarization time was 90 min. All the measurements were
performed with both non-annealed and annealed coatings, always using new samples. Corrosion
current density was determined from the linear region of the Tafel diagrams in the range of 100 to
200 mV, from corrosion potential.
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For CPP measurements, the experimental setup consisted of a working electrode (1.9 cm?) covered
with an O-ring (diameter of 1.7 cm) and a regular hexagon shaped plastic sheet (transparent laser sheet
with a diagonal 1.7 cm, Epson, Nagano, Japan), in order to provide crevices, as shown in Figure A2.
The reference electrode was Ag/AgCl, and the counter electrode Pt sheet. The CPP procedure was
based on a modified ASTM G61 standard (scan rate = 0.167 mV-s~1) [40]: forward scans were started
at 100 mV below a sample’s corrosion potential and continued until current density was equal to
1 mA-cm~2, and the subsequent reverse scan was recorded until the forward scan was intercepted.
All the electrochemical measurements were undertaken in triplicate using fresh solutions.

The electrochemical impedance spectroscopy measurements were performed with a similar
three-electrode configuration during a 24 h immersion in PBS solution (200 mL), with the lignin-coated
or blank samples as the working electrode (surface area = 0.785 cm?). The frequency range of
100 kHz-0.01 Hz was utilized, in which frequency values were spaced logarithmically (10 steps
per decade) and with an amplitude of sinusoidal voltage signal of 10 mV rms (root-mean-square).
All the measurements were carried out after 60 min stabilization of individual samples, and at open
circuit potential (OCP).

Adhesion measurements were conducted on annealed coated surfaces using a crosshatch cutter,
(Paint Test Equipment, Congleton, UK) and were based on the ISO 2409 [41]. A multiple blade cutter
was applied normal to the surface plane; this was followed by the attachment of an adhesion test
tape that was then removed after 5 min at an angle of ~60°. Results were assessed using a 0 to 5 scale,
where zero is equivalent to perfect adhesion, i.e., the edges of cuts are smooth and none of the lattice
squares are detached from the substrate.

3. Results and Discussion

In order to determine the surface characteristics and applicability of lignin coatings, atomic
force microscopy (AFM), FTIR (before and after exposure to the solutions), goniometry, and standard
adhesions tests were carried out. The morphology of annealed and non-annealed lignin coatings from
hardwood (beech) and softwood (spruce) was studied by AFM (Figure 1). Both the beech and spruce
lignins displayed a globular surface typical of lignin [42] and a porous surface prior to annealing,
whereas after 30 min treatment at 120 °C these layers transformed to a smoother, more uniform layer,
possibly as a result of lignin softening during the heating process [43]. The roughness parameters of
the measured samples can be seen in Table A3.

The coatings were also investigated with FTIR, in order to determine if any changes to the coating
chemistry occurred either during the annealing or due to immersion in the simulated body fluid (SBF)
solution. The characteristic fingerprint FTIR regions (8001800 cm ') for both lignin types investigated
are shown in Figure 2, and their associated band assignments are listed in Table 2 [44—46]. The full
spectrum (500 to 4000 cm 1) of coatings is demonstrated in Figure A3. For both beech and spruce
coatings, the characteristic bands related to lignin remained after both annealing and SBF exposure,
which demonstrates the persistence of lignin adhesion on the stainless steel surface. In contrast,
two bands at 889 and 1253 cm~!—related to the vibration and stretching of the dioxane solvent
hydrogen rings—were observed to disappear after annealing due to solvent evaporation [47].

Contact angle measurements were also conducted, in order to evaluate the wettability of
spin-coated surfaces. In general, such behavior has an effect on corrosion susceptibility, as more
hydrophobic surfaces (contact angles > 90°) tend to favor enhanced resistance against wet corrosion.
When compared to bare steel (62° £ 2°), both beech (90° + 3°) and spruce (84° + 2°) lignin
coatings showed enhanced surface hydrophobicity. Typically, lignin contains both hydrophilic
phenolic/aliphatic hydroxyl groups [48], and therefore the contact angle values can differ from source
to source. In the literature, the reported water contact angle values are in the range of 45°-102° [49-52].
However, the results of this study are not comparable with those of studies in which the reported values
are primarily for bulk and cast lignin, rather than the spin-coated surfaces of this study, which would
naturally affect the wetting behavior of a surface.
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Figure 1. Atomic force microscopy (AFM) topographical images of spin-coated lignin samples on
polished stainless steel 316L. Beech before (a) and after (b) annealing, and spruce before (c) and after
(d) annealing.

Table 2. Summary of infrared (IR) bands and assignments for spruce and beech coatings in fourier
transform infrared spectroscopy (FTIR) fingerprint region (800-1800 cm™ 1),

No. Spruce Beech Assignment
Band Position (tm~!)  Band Position (cm~1)
: 1699 1590 CC neeh o avomatic ring 14
2 1501-1512 1500-1510 Aromatic ring vibration [44,45]
C-OH deformation [44]
3 1467 1467 C-H asymmetric deformation [45]
C-H bend methyl/methylene [46]

4 1420 1420 C-OH in—planec ie;(ggjrtiggﬁ(g;ogglﬁc stretch) [44]
5 1322 1324 C=0 stretch syringyl units [44-46]

6 1263 - C-O stretch of guaiacyl units [44-46]

7 1205 1211 C-C/C-0O/C=0 stretch guaiacyl units [46]

8 1114 - Aromatic C-H or guaiacyl unit [46]

9 - 1115 C-H deformation syringyl units [46]

10 1079 1079 C-O stretch of secondary alcohol [46]

11 1027 1027 C-O stretch of primary alcohol [46]

12 - 913 C-H bending syringyl units, aromatic ring [46]
13 869 869 C-H out of plane [44]

14 - 825 C-H bending of syringyl units [46]
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Figure 2. FTIR transmittance spectra of beech (a) and spruce (b) lignin samples in the characteristic
fingerprint region.

As adhesion is also a key property of organic coatings [53], crosshatch tests of dry coated
surfaces were performed in line with the ISO 2409 [41]. Figure 3 illustrates optical microscope images
from crosscut area. As can be observed, both coatings demonstrated smooth edges proximal to the
crosscuts—equivalent to an ISO = 0/5 classification, i.e., the highest possible adhesion—which clearly
demonstrates the ability of lignin to form strong polymeric films. A digital photograph of surfaces
for adhesion tests for both annealed beech and spruce coatings is presented in Figure A4. As can be
observed, no coating detachment from the steel’s surface is evident for either hardwood beech or
softwood spruce lignin coatings.

Figure 3. Optical microscopy (OM) images of beech coating (a) and spruce coating (b) after cross cut
test. Smooth edges of cuts can be seen for both coatings (scale bar: 100 um).

The effect of lignin coatings on corrosion resistance of stainless steel was investigated
electrochemically by linear sweep voltammetry (LSV), open circuit potential (OCP), polarization, cyclic
potentiodynamic polarization (CPP), and electrochemical impedance spectroscopy (EIS). Figure 4
presents LSV diagrams of blank stainless steel samples and lignin coated samples, (a) immediately
after exposure to SBF solution (pH = 7.4), and (b) after 90 min of exposure. As can be seen in Figure 4,
both coatings increased the corrosion potential from 0.15 to 0.2 V vs. Ag/AgCl. Furthermore, both the
cathodic and anodic current density values were between 1 and 3 orders of magnitude lower for
the coated samples than for blank stainless steel, demonstrating the strong corrosion protection
effect of coatings. Comparison between the two different lignin sources shows that beech provided
marginally better protection against corrosion than spruce, with a current density value of beech being
1.1 x 107 mA-cm~2 and for spruce being 7.3 x 10~ mA-cm~2, whereas the value was two orders
of magnitude higher for the blank 316L sample (6.6 x 10~7 mA-cm~2) for short immersion times of
90 min or less in the LSVs. This result can be considered to be remarkable, not only as SS316L itself is
sufficiently corrosion resistant that it is used for temporary implants in the human body [54], but also
as the coating only comprises solvent extracted lignin that has not been modified in any way:.
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Figure 4. Linear sweep voltammograms of samples after 0 min (a) and 90 min (b) exposure to simulated
body fluid (SBF) solution (sweep rate: 25 mV-s~1).

After 90 min exposure, both lignin coatings became less effective; the measured current density
decreased to 1.4 x 1078 mA-cm~2 for beech and 6.6 x 1078 mA-cm~2 for spruce, most likely due to
water uptake into the coating. Nevertheless, it is worth noting that these values are still one order
of magnitude lower than that of bare stainless steel, which highlights the anti-corrosive nature of
lignin coatings.

Moreover, these results demonstrate an improvement on previous investigations of bio-sourced
hybrid systems such as cellulose nanocrystal-alginate and raw lacquer-lignin tripolymer coated
steels [33,55]. These findings suggest that beech lignin initially forms a more stable film than
spruce, which could be due to the different monolignol contents (Table 1); beech has more syringyl
(S) units, and thus more methoxy groups (-OCH3), than spruce. It is hypothesized that during
annealing, chemical changes that depend on the methoxy content occur [56], and therefore beech
lignin forms a more compact coating (thickness of 1.3 um, determined by cross- sectional SEM) than
spruce lignin (1.6 um). This is confirmed by analysis of the IR spectrum band between 2800 and
2950 cm ™!, which contains CH stretching related to the presence of aromatic methoxyl groups and
methyl/methylene side chains groups [57].

The IR results in Figure 5 clearly demonstrate that during annealing, the peaks related to lignin
methoxy groups were reduced, suggesting the coatings became more compact when heated to 120 °C.
This is consistent with the findings of Kim et al. [56], who postulated that the depolymerization
of methoxy groups and condensation of lignin takes place at elevated temperatures (150-300 °C),
although in this research the adsorption to stainless steel surface may also have an additional—as yet
undetermined—effect due to better heat transfer.

The corrosion behavior of the samples was further investigated by measurement of OCP as
a function of time during the 90 min exposure to the SBF solution (Figure A5). For bare stainless steel,
the potential increased continuously with a declining rate, as a result of an increase in the thickness of
oxide layer.

This steady increase in OCP indicates that the uncoated steel remained electrochemically active
during the measurement, and that the continuous formation of surface metal oxides occurred.
In contrast, both beech and spruce lignin coated samples showed an almost constant OCP,
demonstrating a more stable behavior than the bare stainless steel sample.

In order to study the corrosion inhibition of the coatings under more aggressive conditions,
samples were polarized at +50 mV with respect to the sample’s OCP (as determined after 30 min
from the OCP measurements shown in Figure A5). As can be seen in Figure 6, the current density
for both beech and spruce coated samples remained at a low and constant value, showing that
the underlying metal surface was protected from corrosion for the whole measurement duration.
Conversely, the uncoated sample had a relatively high current density, signifying that the surface
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was electrochemically active during the measurement. These results suggest that the presence of the
lignin coating blocks the electrochemically active surface sites, and thus minimizes any electrochemical
corrosion reactions.
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Figure 5. FTIR transmittance spectra of the carboxymethyl bands in beech (a) and spruce (b) lignin
coated samples before and after annealing at 120 °C.
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Figure 6. Polarization diagram of samples to +50 mV vs. OCP (OCPpeech /spruce = 50 mV, OCPginless

steel ~ —50 mV vs. Ag/AgCl) in SBF solution. Full duration (5400 s) (a) and first 1000 s of

measurement (b).

A comparison of the LSV results for the lignin coatings with that of SS316L reveals that the rate of
both the cathodic and anodic reactions was significantly reduced for coated samples. During corrosion
of SS316L in neutral solutions (pH = 7.4), the main cathodic reaction is the reduction of oxygen,
according to Equation (1) [58]:

O, +2H,O +4e~ — 40H™ 1)
The associated anodic reaction primarily involves the dissolution of the metallic elements present

in SS316L, i.e., Fe, Ni, and Cr, via Equation (2) [58]:
M — M™ +ne” )

In addition, the LSV curves for coated and SS316L samples (Figure 4) show a similar profile which
indicates that the anodic and cathodic reactions taking place on the different surfaces were identical.
Nevertheless, it is clear from the data that the extent of these reactions was significantly reduced by
the presence of the lignin coating.
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In order to understand this phenomenon, the inherent ability of lignin to act as a mixed
mode—cathodic and anodic—corrosion inhibitor must be taken into account [59]. Previous research
has highlighted the mixed mode inhibition properties of lignin when used as a minor additive in
the corrosion test solution [11,12,60,61]. For example, studies by Hussin et al. [14] demonstrated
that concentrations of 500-ppm organosolv lignin resulted in inhibition efficiencies of up to 98%,
depending on the type of lignin used. The inhibition was observed to be predominantly present in
the anodic branch of the LSV diagrams, and was related to the antioxidant/inhibitor capability of
lignin. Additionally, it was also found that protonated lignin molecules adsorbed electrostatically to
the metal surface, resulting in a decreased rate of C1~ adsorption to the surface. Similar investigations
of mild steel corrosion in both near neutral 3.5% NaCl solution [10] and 0.5 M H,SOy4 [13] have further
demonstrated the ability of lignin to act as a corrosion inhibitor in both the anodic and cathodic
branches of LSV diagrams. Therefore, it was concluded that lignin molecules adsorb to the mild steel
surface—to form ferric-lignin compounds—via the functional hydroxyl groups (specifically phenolic
—OH) present, resulting in an increase in charge transfer resistance that led to the observed corrosion
inhibition. Results from the present investigations also display a similar mixed mode corrosion
inhibition, as the electrochemical data show reductions in both the anodic and cathodic branches
(Figure 4), and more stable behavior (Figures 6 and A5) with a lignin coating compared to the uncoated
stainless steel.

Due to susceptibility of stainless steel to crevice corrosion, samples were also characterized
by cyclic potentiodynamic polarization (CPP) based on the ASTM G61 standard, and the results
are shown in Figure 7. Two critical potentials are used to evaluate a substrate’s susceptibility to
crevice corrosion: breakdown potential (E},), where the passive film breaks down—typically observed
as a rapid increase in anodic current—and repassivation potential (E;p), where a passive film of
corrosion products is formed, i.e., the potential at which the hysteresis loop is completed. In general,
more positive potential values indicate that a sample is less susceptible to crevice corrosion [40].
A comparison of the breakdown potential of bare SS316L with that of the lignin-coated samples shows
that SS316L has higher values of Ej,, 500 mV cf. ~ 300 mV than the coated samples. The same trend
was recorded for the repassivation potentials (Eyp): ~ —130 mV vs. ~ —170 mV for steel and coated
substrates, respectively. This finding is similar to previous research undertaken by Bryant et al. [62],
who discovered that the presence of poly(methyl methacrylate) PMMA bone cement layers on 316L
stainless steel could actually accelerate crevice corrosion initiation and propagation. In addition, recent
work on 316L has demonstrated that the material of the crevice former used to initiate corrosion
can also affect markedly the subsequent behavior seen [63]. Subsequent observation of all three
surfaces—SS316L, beech coatings, and spruce coatings—after the experiments clearly showed evidence
of crevice formation (Figure A6). This suggests that, although lignin coatings do not provide any
specific protection against crevice corrosion for stainless steel substrates, they also do not visually
appear to enhance the susceptibility to crevice corrosion, even if the breakdown and repassivation
potentials are more negative.

In order to study the stability of coatings during longer immersion times, electrochemical
impedance spectroscopy (EIS) measurements were conducted for all samples during a 24 h immersion
time. Figure 8 displays bode plots for the amplitude of impedance and phase angle as a function of
frequency for both lignin-coated and bare stainless steel. As shown in Figure 8a, both lignin coatings
demonstrated a capacitive behavior with higher impedance values over the whole frequency range of
measurements than that of the bare SS316L. After 24 h of immersion, the bode plot of the spruce coating
(Figure 8b) had a similar capacitive behavior as that of the freshly immersed coatings, which indicates
the effective barrier performance of the coating. The similarity in behavior after both 1 and 24 h
immersion is visible in the bode plots, which also possess a similar time constants—an indication of the
barrier properties of an organic coating [64]. On the other hand, beech coatings displayed a completely
different behavior after 24 h of immersion, with a dramatic drop in impedance values and appearance
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of a second time constant, which indicates that the beech coating degraded with longer immersion
times and was unable to provide prolonged protection for the steel substrate.
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Figure 7. Cyclic potentiodynamic polarization curves of samples in phosphate buffered solution (PBS).
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Figure 8. Bode plots of samples obtained from electrochemical impedance spectroscopy (EIS)
measurements during 24 h immersion in PBS solution: (a) impedance modulus vs. frequency, (b) phase
angle vs. frequency.

These results highlight lignin’s potential for use as anti-corrosion coating material due to its unique
combination of hydrophobicity, excellent adhesion, and corrosion inhibition properties, particularly
when in contact with a physiological environment. The corrosion protection could be further enhanced
by careful selection of the lignin source, as this seems to have an effect on the corrosion behavior of
the coatings.

4. Conclusions

This study demonstrates that pure lignin creates a coating on stainless steel surfaces with excellent
adhesion and corrosion properties. FTIR results show that the coating chemistry remains stable during
exposure to physiological solutions, and LSV results show that the coatings have even 2 orders of
magnitude lower current densities than bare stainless steel 316L, demonstrating the high level of
performance possible with these coatings. Of the two different lignin sources investigated, spruce
(softwood) coating provides a better corrosion protection when compared to beech (hardwood) for
longer periods of exposure (24 h), which probably results from the differences in their monolignol
content, particularly between the associated methoxy groups in the syringyl and guaiacyl components.
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Overall, these results highlight the possibility for the large-scale application of residual lignin from
biorefinery side-streams for a new generation of biosourced and sustainable anti-corrosion coatings.
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Appendix A

Table A1. Composition of stainless steel 316L (wt %) [34,35].

Element wt %
C <0.03
Si <1
Mn <2
Ni 10
Cr 18
Mo 3
S <0.03
P <0.045
Fe Balance

Table A2. Nominal ion concentrations of simulated body fluid (SBF) [39] and phosphate buffered
saline (PBS) used in corrosion studies.

Solution Concentrations (mM)

Ion
SBF PBS
Na* 142 137
K* 5 42
Mg?* 15 -
Ca?+ 25 -
Cl- 147.8 139.6
HCO;~ 42 -
H,PO43~ - 15
HPO42~ 1 8.1
SO, 0.5 -
pH (25°C) 7.4 7.4

Table A3. Roughness parameters obtained from AFM measurements for studied samples.

No. Sample Rg (nm) Rp (nm) Rpax (nm)
1 SS 316L 2.99 2.28 22.46
2 Beech Non-Annealed 2.54 1.79 21.8
3 Spruce  Non-Annealed 6.62 4.97 46.1
4 Beech Annealed 0.349 0.273 4.8
5 Spruce Annealed 0.5 0.397 7.05
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Figure Al. Experimental setup for electrochemical measurements. The distance between reference
electrode (Ag/AgCl) tip and the surface of sample was constant for all the measurements.

Figure A2. Top to bottom view of surfaces for cyclic potentiodynamic polarization (CPP) measurements,
after addition of experimental crevice former (black). The circular area demonstrates the total exposure
provided by an o-ring on the surface, and gray area represents the surfaces with direct contact to
phosphate buffered saline (PBS) solution.
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Figure A3. The full FTIR spectra for beech coatings (a) and spruce coatings (b).

Figure A4. Surface of annealed spruce coating (a) and beech coating (b) after conducting crosscut test,

according to ISO 2409. No sign of coating’s detachment from the square lattices was observed.
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Figure A5. Open circuit potential (OCP) of samples as a function of time after immersion in SBF solution.

Figure A6. Digital photographs (a,c,e) and optical microscopy images (b,d,f) of crevices formed during
CPP measurements on the surface of SS316L (a), spruce-coated (b), and beech-coated (c) lignin. Optical
microscopy images were obtained from the spots marked with an arrow (scale bar: 100 pum).
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