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ARTICLE INFO ABSTRACT

Keywords: Corrosion and wear pose significant challenges to equipment operating in harsh environments. Thus, protective

Organosolv lignin coatings are needed. Anti-corrosion and anti-wear coatings are traditionally fossil-based and often contain

lé"lyl_lmthane environmentally harmful additives. Achieving anti-corrosion and anti-wear coatings based on environmentally
oating

benign and sustainable materials is important and a significant challenge. This work focused on the development
of organosolv lignin-based polyurethane (OS_lignin-PU) coatings. The coatings were synthesised and evaluated
for corrosion protection using electrochemical impedance spectroscopy (EIS) and for wear properties using
nanoindentation and nano scratch measurements. EIS revealed that the optimal lignin content for corrosion
protection purposes in the OS_lignin-PU coatings was 15 wt%. Moreover, addition of 15 wt% lignin to the
0S_lignin-PU coatings also enhanced their wear resistance, as evidenced by reduced thickness loss during trib-
ometer tests. The nano scratch measurements revealed that OS_lignin-PU coatings containing 15 wt% lignin
exhibited the lowest scratch depth and friction coefficient. It is found that the developed lignin-containing
coating exhibits remarkable corrosion and wear resistance, making it a promising sustainable material in
various applications for pursuing sustainable development.

Anti-corrosion
Wear resistance

1. Introduction organisms [9,10]. Therefore, wusing environmentally friendly

anti-corrosion coatings to replace toxic and harmful coatings is

Nowadays, marine human activities, such as ships, pipelines,
offshore platforms, and aquaculture equipment, have increased rapidly
with our population growth [1]. The harsh environment in ocean from
the aggressive nature of seawater, various organisms, hydrostatic pres-
sure, and water movement jointly pose a challenge to the application of
marine equipment for long periods of time [2-4]. In order to protect the
equipment, coatings, especially anti-corrosion coatings, are widely
needed [5-7]. Corrosion is the most common cause of significant eco-
nomic loss in industry and poses serious safety risks [8]. Using
anti-corrosion coatings is an effective method to protect products from
corrosion and thus prolong their service life. Traditional coatings use
additives, such as chromate, that harm the environment and marine
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becoming the consensus of the industry.

Anticorrosive coatings are also degraded by environmental impact,
and wear by waves, wind, floats, sand, etc., is a serious problem [11].
Coatings in the splash zone are more susceptible to the synergistic
negative effects of wear and corrosion that accelerate degradation [12].
In addition, many coatings are damaged before components are put into
operation due to wear [11]. Galvanic corrosion is often initiated by
cracks or pinholes in the coating that form due to wear, which ultimately
leads to coating failure [13]. Therefore, increasing the wear resistance of
coatings is essential for improving their durability.

Lignin is an abundant bio-based material that is a by-product of the
paper industry, but it has found limited applications for decades [14].
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However, lignin has been explored in high-value products by using it as
an ingredient for polymer synthesis [15], adsorbents [16], precursors for
carbon materials [17,18] and UV protectors [19]. One of lignin’s
promising applications is as a functional additive in coatings. Recently,
it has been utilised in anti-corrosion and anti-wear coatings due to its
antioxidant activity, stability and biodegradability [20-23]. However,
limited compatibility with specific polymer matrices and challenges in
achieving uniform coatings have limited the widespread application of
lignin coatings. Organosolv lignin has the improved solubility in organic
solvents like acetone and n-dimethylformamide (DMF), providing re-
action condition between lignin and isocyanate. Polyurethane has been
widely used in adhesives and coatings. As a mature commercial polymer
material, polyurethane has the characteristics of high toughness, good
corrosion resistance and wear resistance, and this material has been
widely used in anti-corrosion coatings [24-26]. However, most poly-
urethane materials are fossil-based and not recycled nowadays. It is
thus, in these aspects, less environmentally friendly compared to
biodegradable and renewable alternatives [27]. Therefore, synthesising
anti-corrosion polyurethane coatings with high lignin content by a
simple process could reduce the environmental impact of PU and
improve the corrosion and wear resistance of coatings.

In this work, lignin-modified polyurethane (lignin-PU) is synthesised
from polycarbonate polyols (PPC), 4,4-dicyclohexylmethane diisocya-
nate (HMDI) and lignin. The corrosion resistance of the resulting coat-
ings is evaluated by means of electrochemical impedance spectroscopy
(EIS). The expected corrosion resistance of lignin-PU is higher than that
of pure polyurethane. The coating’s wear properties are evaluated by
nanoindentation test, nano scratch test and friction test. Samples with
different lignin content were prepared to identify the optimal lignin
content for corrosion and wear protection.
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2. Experiment
2.1. Materials

Polycarbonate polyols (PPC) (M, ~ 2000 g/mol) was purchased from
Huizhou Dayawan Dazhi Fine Chemical Co., Ltd., P.R. China. 4,4-
dicyclohexylmethane diisocyanate (HMDI, 99%) (Mn ~ 262.35 g/mol)
and 1,2-ethanediol were purchased from Wan Hua Chemical, P.R.
China. Lignin was extracted according to the method in previous work
[28]. The method is described in supporting information. Dibutyltin
dilaurate (DBTDL, 95%) and N, N-dimethylformamide (DMF, 99.5%)
were purchased from Sigma-Aldrich. Carbon steel DCO1 was used as the
substrates, and its chemical composition is shown in Table S1.

2.2. Polymer synthesize and preparation

2.2.1. Synthesis of lignin chemically grafted polyurethane

A certain amount of lignin was first dissolved in DMF and reacted
with HMDI at 90 °C under stirring. During the reaction, DBTDL was
added as the catalyst. After 3 h of reaction, dehydrated PPC was added
into the solution and kept in the reaction condition for another 6 h. The
mass fraction of lignin in the final dry coating was controlled at 0 wt%, 5
wt%, 10 wt%, 15 wt% and 19 wt%, and the corresponding solutions
were noted as PU, C5, C10, C15 and C19. Since the PU sample, which
only had HMDI reacted with PPC, cannot be cured due to low hard
segment content in polymers, 1,2-ethanediol was used to promote the
curing of the PU sample. The specific chemical composition of each
material is shown in Table S2, and the synthesis route of Lignin-PU is
shown in Fig. 1.

2.2.2. Preparation of lignin physically modified polyurethane
Besides the chemically synthesised lignin-PU, physically mixed
lignin and polyurethane coatings were also prepared for comparison.

The PU sample introduced in section 2.2.1 was used as matrix coating,
and lignin was physically mixed at the same percentage as in the
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Fig. 1. The synthesis route of Lignin-PU with lignin content from 5 wt% to 19 wt%.
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chemically synthesised coatings, which were noted as P5 (for 5 wt%
lignin), P10 (for 10 wt% lignin) and P15 (for 15 wt% lignin), respec-
tively. Lignin was dissolved in PU blend under magnetic stirring for 5 h,
and the total solid content was controlled at 30 wt%. The mixed blend
was applied on steel substrates to form coatings as described below.

2.3. Coating preparation

Carbon steel DCO1 was used as the substrate for evaluating corrosion
protection performance. Carbon steel sheets with 2 mm thickness were
cut to 1.5 x 1.5 cm? The surface of the steel electrodes was ground to
P1200 using silicon carbide abrasive paper on a MetaServ™ 250 grinder.
The rotation speed during grinding was controlled at 200 rpm and water
was used to remove the debris during the grinding. The steel electrodes
were then ultrasonically cleaned with acetone and ethanol for 10 min in
each solvent and dried by compressed air flow. After that, the lignin-PU
blend was immediately dropped onto the steel surface and levelled using
a MULTICATOR 411 film applicator (ERICHSEN). The dry coating
thickness was controlled at 30 um. The samples were then kept at 20 °C
for 24 h to allow the evaporation of the solvent. Finally, the samples
were heated to 110 °C and remained 1 h for curing.

2.4. Electrochemical measurement

EIS measurement was conducted using an AutoLab PGSTAT302 N
potentiostat (Metrohm, Switzerland). Samples were exposed to 1 mol/L
NaCl solution in a three-electrode cell for an accelerated corrosion test.
The reference electrode used was saturated Ag/AgCl, and the counter
electrode was platinum. The EIS measurements were taken at the open-
circuit potential (OCP) with a perturbation amplitude of 10 mV and
frequency ranging from 10* Hz to 10! Hz. EIS spectra were collected
after 1, 4, 8, 24, 48 and 168 h of immersion.

2.5. Nanoindentation and nano scratch

The nanoindentation and nano scratch experiments were performed
using a NanoTest Vantage (Micro Materials). A Berkovich indenter was
used for the nanoindentation measurements. The maximum load was
0.15 mN for single load tests, the load time was 30 s, the unload time was
5 s and the dwell time was 5 s. In the multi load tests, the load succes-
sively increased from 0.1 mN to 0.2, 0.3, 0.4 and 0.5 mN. The load time
was 30 s, the unload time was 5 s, and the dwell time after loading and
unloading was 5 s. The nanoindentation experiment was repeated 10
times in parallel for each coating.

The nano scratch measurements were performed using a 90° conical
tips indenter with a diameter of 50 pym. Single scratch tests were
repeated 10 times in parallel for each coating, with the load of 1 mN, and
aload curve is shown in Fig. S1. The scan velocity was set to 5 um/s and
the scan length was 500 um. Multi scratch data consisted of 10 passes for
each coating, including one starting topography pass, eight scan passes
and one final topography pass. The load for scan passes were 1 mN, 5 mN
and 10 mN, respectively. And the load for topography passes were
controlled at 2% of the scan passes. The load details for topography
passes and scan passes are shown in Table S3. The loading rate was 0.5
mN/s. The scan velocity was 5 pm/s and the scan length was 500 um.

2.6. Characterisation

Infrared spectra were measured using a Thermo Scientific Summit
Spectrometer. The number of scans was 16, and the resolution was 4
em™!. The friction tests were conducted using a CETR-UMT 2 trib-
ometer. This setup was reported in our previous work [29]. Wear of the
coatings was induced using a reciprocating motion with a frequency of
20 cycles per minute, a stroke length of 3 cm, and an average speed of 2
cm/s at 20 °C. The tests were performed underwater. A 5 N force was
applied to a 2 cm? contact area with P1200 abrasive paper, generating
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25 kPa pressure. The duration of each wear experiment and the test
point number is provided in Table 1. Thermogravimetric analysis (TG)
was carried out employing a TGA/DSC 3+ thermal analysis system
(METTLER TOLEDO) in N3 atmosphere, with the heating rate of
10 °C/min over the temperature range from 25 to 600 °C. Differential
scanning calorimetry (DSC) data was collected by a DSC 3+ thermal
analysis system (METTLER TOLEDO). The samples were heated from
—50 to 150 °C in Ny atmosphere with a 10 °C/min heating rate.

3. Results and discussion

In the result section, we first report the characterization of the lignin-
PU coatings made by FTIR spectroscopy as well as by TG and DSC. The
following sections consider the prepared coatings’ corrosion protection
properties and wear characteristics.

3.1. FTIR spectra for lignin-PU

The FTIR spectra of both the raw materials and the final lignin-PU
coatings are shown in Fig. 2. The characteristic peak of the NCO
group appears at 2250 cm ™' in HMDI and disappears in the synthesised
coating, and the C=0 peak related to the carbamate appears at ~1740
cm™L. The peak of OH vibrations at ~3500 cm ™ in lignin largely dis-
appears and instead the peak of NH at ~3400 cm ™' appears after the
reaction, with this disappearance to confirm that the NCO reaction was
complete, and carbamate was successfully formed [30,31].

Fig. 3 shows the FTIR spectra of C15 during synthesis. The reaction
between lignin and HMDI caused the reduction of the peak from OH
vibrations at ~3500 cm’l, as shown in Fig. 3 (a). After adding PPC
(Fig. 3 (b)), the peak of NCO at 2250 em™! decreased, and the peak of
NH at ~3400 cm ™! increased, suggesting that the reaction proceeded as
designed (Fig. 1). The peak of NCO remained in the spectra of C15 blend
after reaction. The remaining NCO could react with steel and improve
the coating’s adhesion. After the curing process, these NCOs were
reacted and the spectra in Fig. 2 shows no NCO peak.

It is worth noting that our data also showed evidence of chemical
crosslinking within the coating during the curing process. As mentioned
earlier, the disappearance of the NCO peak in the FTIR spectra after
curing in Fig. 2 indicates that the remaining NCOs in the coating had
reacted with other functional groups. One possibility is that the
remaining NCOs crosslinked with the remaining OH groups in the lignin,
leading to a more compact coating structure. The schematic diagram in
Fig. 4 shows that adding lignin could affect the crosslinking degree. Only
linear polymers can be produced theoretically when no lignin is
involved in the reaction since the degree of functionality for PPC, HMDI,
and 1,2-Ethanediol are 2. After adding lignin, which has multiple degree
of functionality, a crosslinked network was formed, and the theoretical
crosslinking degree concomitantly increased as the lignin content
increased [32].

3.2. TG and DSC characterization for lignin-PU

Fig. 5 shows the TG and derivative thermogravimetric (DTG) curves
for chemically synthesised lignin-PU coatings. The DTG curves, in
combination with TG curves, show that for the lignin-PU coatings, the
first stage of thermal degradation occurred at around 250 °C. This is
related to the hard segments (1,2-ethanediol and HMDI) [33]. Coating

Table 1
The duration of each wear test and the test point number.

Wear test Wear test duration (min) Test point number
- 0 0
#1 3 1
#2 Another 5 2
#3 Another 15 3
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Fig. 2. FTIR ATR spectra of the raw materials and the lignin-PU coatings after curing.
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Fig. 4. Schematic diagram for (a) linear and (b) crosslinked polymer.

with 19 wt% lignin was not tested because the coating had poor adhe-
sion to the steel surface and could not form a stable and protective layer.
The results of adhesion measurements using the ASTM D3359 standard
are shown in Fig. S2. For C5, C10 and C15 coatings the first stage was
related to the degradation of HMDI, since the increasing HMDI content
led to higher degradation as DTG curve shows. The second stage of
degradation for coatings at around 340 °C is probably related to the soft
segment content [34]. Adding lignin, which resulted in reduction of
PPC, caused the decreased DTG peak. When lignin was added into the
coating, the third stage of degradation occurred at around 450 °C
probably related to the combustion of the lignin since increasing lignin
caused the increasing DTG peak at 450 °C.

Fig. 6 shows the DSC curves for lignin-PU coatings. The glass tran-
sition temperature (Tg) for lignin-PU coatings and the range limits used
for Tg calculation are shown in Table S4. The T, increased with

increasing lignin content. The T, of PU coating was —6.2 °C, and when
lignin content increased to 15 wt%, the Tgraised to 23.6 °C. The rising T
shows that the crosslinking degree of lignin-PU was increased with
increasing lignin content.

3.3. Corrosion protection of the lignin-PU coating

The Bode plots of impedance modulus and Nyquist plots of the EIS
spectra of chemically synthesised lignin-PU coatings with lignin content
from 0 to 15 wt% after immersion in 1 M NacCl solution are shown in
Fig. 7. The Bode plots of phase angle can be found in Fig. S3. The EIS
spectra in Fig. 7 show that all the coatings had resistance values of
around 10% Qecm? after 1 h of immersion, indicating similar initial
protective ability. During the first 7 days of the exposure, the impedance
modulus values at low frequency end (resistance) of the PU, C5, and C10
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coatings decreased by several orders of magnitude compared with the
initial value. However, the resistance of C15 coating was still of the
order of 10° Qecm?, three orders of magnitudes higher than that of bare
carbon steel [35]. The results suggest that the lignin-PU coating with 0
wt%, 5 wt% and 10 wt% lignin content quickly deteriorated during
exposure, losing the protection ability. In contrast, the lignin-PU coating
with 15 wt% lignin maintained its high impedance level, demonstrating
a lower coating delamination at the coating/substrate interface after
seven days of immersion in the corrosive solution in comparison with
other coatings. The impedance modulus at low frequency represents the
coatings’ capability to hinder the electrochemical current, thus corro-
sion reaction [36]. After 7 days of immersion, the C15 coating still
maintained its corrosion protective ability. The results demonstrated a
significant improvement in anti-corrosion properties by adding 15 wt%
lignin into lignin-PU coatings.

The EIS spectra of physically mixed lignin-PU coatings with lignin
content from 5 to 15 wt% after immersion in 1 M NaCl reveal a much
lower impedance level (shown in Figs. S4 and S5) and thus poor pro-
tection performance, as compared with chemically synthesised coatings
with the same lignin content. A possible explanation is that the free
lignin in the coating, with many hydrophilic non-reacted groups, facil-
itates water absorption and transport to the substrate surface, which
promotes electrochemical reactions. Whereas, the chemically modified
lignin reaction formed a densely crosslinked network, which hindered

the penetration of the solution into the coating and thus enhanced the
corrosion resistance of the coating.

The equivalent circuits shown in Fig. 8 (a, b) were applied to fit the
EIS data utilizing the Nova software. The simple circuit (a) consists of
solution resistance (R;), polarization resistance (Rp) and constant phase
element (CPE) in parallel with it was used for fitting the spectra obtained
during initial exposure (with one time constant feature). The polariza-
tion resistance R, was used to evaluate the corrosion resistance of the
coating. After extended exposure, the corrosive solution began to
permeate the coating and formed a new interface, so circuit (b) was used
for spectra fitting [37]. In the circuit (b), R, changed to R. (coating
resistance), CPEq represents the capacitor at the new interface, and R is
the electron transfer resistance [38,39].

The fitting results for lignin-PU coating after 1- and 168-h corrosion
tests are shown in Fig. 8(c). After 1 h of exposure, R, for the pure PU
coating was 1.1 x 10® Qecm?. The addition of lignin for 5, 10, and 15 wt
% gave an increased R, value (but of the same orders of magnitude), 2.5
x 108, 2.1 x 108, and 1.5 x 10® Qecm?, respectively. After 168 h (1
week) of exposure, all coatings showed a reduction in R,. However, the
R, for the C15 coating was significantly higher than for other coatings.

Fig. 8(d) illustrates the fitted Y for lignin-PU coatings at 1 and 168 h
of exposure. The following equation expresses the impedance function
of a CPE:

1
T ————
CPE (jw)n.YO
where Y represents the capacitance of the CPE, and when the dimen-
sionless exponent n equals 1 the CPE is a pure capacitance. The capac-
itance can be expressed by the parallel-plate model:

where ¢y is vacuum permittivity, e, is the dielectric constant of the
coating, A is the surface area, and d is the coating thickness. Yy had an
increasing trend for lignin-PU coatings, while the R, decreased during
corrosion. The value of Yo was 1.4 x 10~° Q@ lem~%s" for PU coating at
1 h and it increased to 1.0 x 107> Q lem 25" at 168 h. For C5 and C10
coatings, Yy also raised four to five orders of magnitude after 168 h of
exposure. The increased Yy fell in the EDL range, suggesting the coating
breakdown. Whereas, the Y value for the C15 coating remained at the
same magnitude after 168 h of exposure. Since the dielectric constant of
water is significantly higher than that of organic coatings, the increase in
coating capacitance can be attributed to the penetration of water.
Clearly, the dense network formed by the C15 coating limits the water
penetration, and this is consistent with the best corrosion protection
performance of this coating.
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3.4. Nanoindentation for lignin-PU coating

The load-displacement curves obtained during nanoindentation
single load experiments with lignin-PU coatings are reported in Fig. 9.
Naturally, the displacement increased with load. Clearly, the PU coating
had the highest displacement. Compared to PU coating, C5, C10, and
C15 coating shows a decreasing displacement and in particular for C10
and C15, the displacement is very low compared to the other samples.
Again, the cross-linked network enhanced by lignin in C10 and C15
significantly changes the material properties. The physically mixed
coatings, P5-P15, all had similar deformation, confirming that no cross-
linked network was formed. However, even physically mixed lignin with
PU, the material became stiffer. There was a sudden recovery before the
end of the unloading curve for all coatings, which occurred due to the
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Fig. 9. Load-displacement plots of the lignin-PU coating during single

load tests.

polymer’s viscoelastic behaviour and thermal contraction [40].

The maximum depth and the calculated hardness of lignin-PU coat-
ings are shown in Table 2. The method used to calculate the hardness
follows that suggested by Oliver and Pharr [41]. The coating hardness
increased from 0.23 MPa for the pure PU coating to 177.12 MPa for C15
coatings. The reason for the escalation of hardness is because of the
crosslinked matrix induced by lignin. Moreover, increasing the amount
of lignin from 5 wt% to 15 wt% leads to a higher crosslinking degree,
thus increasing the coating hardness [40]. The physically mixed coatings
had few crosslinks. Adding lignin suggested a strong interface between
lignin and polymer, which slightly increases the coating hardness [42].

The load-displacement curves during the multi load test of chemi-
cally synthesised lignin-PU coatings are shown in Fig. 10. The calculated
hardness is shown in Table 3. The hardness was reduced with increasing
load, which we assign to the indentation size effect [43,44]. The ratio of
the lignin-PU to pure PU hardness is shown in Table S5. The hardness of
coating at the same load increased significantly when the lignin content
increased. The indentation hardness of the C5 coating increased by one
order of magnitude compared with the pure PU coating. And the
indentation hardness of C10 and C15 was three orders of magnitude
higher than that of the PU coating. The increase in hardness is another
evidence for the increase in lignin-induced crosslinking degree.

3.5. Nano scratch for lignin-PU coating
The depth as a function of scratch length for the different coatings are

shown in Fig. 11(a). For the very soft pure PU coating, we note oscil-
lations in the depth. Similar results have previously been obtained on the

Table 2
Maximum depth and hardness of the lignin-PU coating.

Coating Max. Depth (nm) Hardness (MPa)
PU 5494 + 241 0.23 £+ 0.02

C5 3354 + 209 0.60 + 0.08
C10 337 £ 11 60.88 + 4.43
C15 181 + 14 177.12 + 32.97
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Fig. 10. Load-displacement plots of lignin-PU coating during multi load tests (a) and enlarged parts (b).

Table 3
Hardness of the chemically synthesised lignin-PU coating at different loads
during multi load indentation.

Load/ PU Hardness/ C5 Hardness/ C10 Hardness/ C15 Hardness/
mN MPa MPa MPa MPa
0.1 0.18 + 0.02 1.04 + 0.27 293.22 + 445.84 +
112.87 121.16
0.2 0.12 + 0.02 0.70 £ 0.17 270.99 + 425.17 +
120.08 106.78
0.3 0.09 + 0.01 0.56 + 0.13 244.26 + 422.52 +
108.31 91.63
0.4 0.07 £ 0.01 0.48 + 0.12 210.35 £ 421.24 +
78.43 76.94
0.5 0.06 + 0.01 0.43 £0.12 183.80 + 408.89 +
61.24 69.12

nanoscopic level with AFM for hydrogel samples. It was assigned to pile
up in front of the tip, and the oscillations occurred as the tip climbed
over the piled-up material [45]. In that study, it was also noted that the
pile-up was not due to the fracturing of the material but purely a
viscoelastic effect. We interpret our finding similarly.

The maximum depth encountered in each case is reported in Table 4.
Clearly, the pure PU coating had the highest scratch depth. C5 coating’s
scratch depth was around 3850 nm, and C10 and C15 coating had the
lowest scratch depth, around 750 and 500 nm, respectively. Physically
mixed coatings had similar scratch depth of around 2000 nm.

The friction coefficient (COF) of lignin-PU coatings is reported in
Fig. 11(b), and again, the effect of pile-up is noted for the pure PU
sample. Clearly, the friction coefficient decreases with the reduce of the
hardness of the coating, which suggests that main energy dissipating
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mechanism for PU is related to the viscoelasticity deformation of the
sample rather than sliding in the boundary regime. The COF of PU
coating was around 0.9, and the COF of C5 coating was decreased to 0.6.
C10 and C15 coatings had the lowest COF, which were both less than
0.2. The low COF of C10 and C15 coatings is consistent with the rela-
tively shallow wear scar found in the friction experiments further
characterized by multi scratch tests.

Fig. 12 shows the scratch depth profiles of the chemically synthesised
lignin-PU during multi-scratch tests with loads increased from 1 mN to
10 mN, and the zoomed-in graphs for the C10 and C15 coatings are
shown in Fig. S6. The maximum scratch depth increased for each scan
pass, as shown in Table S6. When the load was 1 mN, the maximum
scratch depth of the PU coating increased from around 3800 nm after the
first pass to 8200 nm after the eight passes. The maximum scratch depth
of the C5 coating gradually increased from around 4500 nm-6500 nm.
Compared with all other coatings, the scratch depth of the C10 and C15
coatings were stable at around 300 nm and did not increase significantly

Table 4
Maximum depth of lignin-PU during single scratch
measurements.
Coating Max. Depth/nm
PU 7574 +£ 1199
C5 3849 + 303
C10 747 + 366
C15 499 + 174
P5 2483 +£ 119
P10 2008 + 94
P15 1870 + 100

i
wa? "/
,,m‘mmmwmmw

0.4

02F
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0.0F

200 300 400
Distance (pm)

0 100 500

Fig. 11. Depth and friction coefficient of lignin-PU during single scratch measurements.
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Fig. 12. Depth of chemically synthesised lignin-PU during multi-scratch test with 1 mN load (a-d), 5 mN load (e-h) and 10 mN (i-k).

with the number of paths. When the load increased to 5 mN, the depth of
PU coating reached the maximum depth the equipment could measure
in the last few scratch passes. The C5 coating’s maximum depth
increased from 10,800 nm to 17,900 nm. The depth of the C10 coating
was around 560 nm, while the depth of the C15 coating was only slightly

larger, around 330 nm, compared to that obtained at 1 mN. When the
load increased to 10 mN, the depth of the C5 coating also reached the
maximum depth of the equipment. The depth of the C10 coating
increased to around 1200 nm while the depth of the C15 coating
remained at around 340 nm. The scratch depth of the C15 coating
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Fig. 13. Friction coefficient of chemically synthesised lignin-PU during nano scratch test with 1 mN load (a-d), 5 mN load (e-h) and 10 mN (i-k).
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remained stable during the multi scratch test. This, combined with its
shallow depth, indicates that the C15 coating has good wear resistance.

The COF of lignin-PU coatings at different loads obtained during
multi scratch measurements are shown in Fig. 13. The trend in the data
is consistent with the trend in scratch depth as a lower scratch depth also
results in a lower COF. The COF obtained where depths reached the
maximum test range of the equipment was not valid and thus not shown.
The COF reduced from around 0.8 to 0.15 when lignin content increased
from O to 15 wt% for chemically synthesised coatings. Notably, for the
C10 and C15 coatings the COF remains in the range 0.15-0.20 at all
loads explored.

3.6. Wear test for lignin-PU coating

Fig. 14 shows the thickness loss for chemically synthesised lignin-PU
coatings under friction tests. The thickness loss decreased with
increasing amount of lignin. The PU, C5, C10 and C15 coating had a
thickness loss after the complete friction test of 5.1, 3.8, 3.0 and 2.3 um,
respectively. With the addition of lignin, the loss reduction indicates that
even a small inclusion of lignin starts to enhance wear resistance,
possibly due to lignin acting as a reinforcement or filler, bolstering the
material’s overall wear resistance. With more lignin, the crosslinking
density increased, leading to a denser, wear-resistant matrix. This can
explain why coatings with lignin content display better wear resistance.
Clearly, the C15 coating had the best wear resistance. Thus, adding
lignin up to 15 wt% could improve the wear resistance as well as
corrosion protection performance of our lignin-PU coatings.

Considering both EIS data and the wear and friction data reported in
this manuscript, it is clear that the C15 coating has the best performance
considering both corrosion protection and wear resistance. At lower
lignin content, the cross-linking density is too low to provide equally
good protection and a higher lignin content leads to too low coating-
metal adhesion. It is possible that if the adhesion issue could be
resolved, an even higher loading of lignin could perform even better
than the C15 coating.

4. Conclusion

An organosolv lignin-based anti-corrosion coating was developed,
achieving protection for carbon steel under aggressive corrosion con-
ditions. The optimal coating contained 15 wt% of lignin chemically in-
tegrated in a PU matrix. The impedance of the coating with 15 wt%
lignin remained at 10° Qecm? after being immersed in 1 M NaCl solution
for a week. The developed lignin-PU coating was also evaluated by
nanoindentation and nano scratch measurement. The optimized lignin-
PU coating had higher hardness, lower maximum scratch depth and
lower friction coefficient than coating with less lignin content. These
properties make it suitable as both a corrosion protection coating and as
an anti-wear coating. As a renewable, green material available in large
quantities for coating preparation, lignin-containing coatings may pro-
vide a valuable and affordable solution for corrosion and wear protec-
tion in the marine environment.
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