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38 ABSTRACT

Lignin-silica hybrid nanocomposite films were prepared on aluminum alloys 2024 through a dip-
44 coating process combined to an Evaporation Induced Self-assembly methodology using Kraft
46 Lignin and Tetraethyl Orthosilicate (TEOS) as the organic and the inorganic sources respectively.
Dip Coating parameters like withdrawal speed and relative humidity were optimized to create the
51 best coating deposition. Two different synthesis pathways, direct (DR) and non-direct (NDR),
53 were evaluated. The NDR synthesis involved a pre-coating functionalization of the substrate by a

3-(Triethoxysilyl) propylsuccinic alkoxysilane linker, which provides a significant improvement
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and enhancement of the film stability due to the creation of anchorage sites for the hybrid
composite. The surface morphology of the material, its chemical composition and wettability were
analyzed by Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy
(FTIR), X-Ray Photoelectron Spectroscopy (XPS) and Water Contact Angle Measurement
(WCA). The results show a hydrophobic behavior of the hybrid film coating improved by the self-

assembly of lignin nanoparticles on the surface.

KEYWORDS: Lignin, Evaporation Induced Self-Assembly (EISA), bio-sourced coating,

hydrophobicity, XPS spectroscopy, Al 2024

Introduction

Aluminum alloys are a series of materials widely used in the aeronautical sector due to their
good mechanical and low density properties. However, these alloys are submitted in condition of
use to several deterioration processes including corrosion damages that has to be prevented by
stable protection coatings!'l. For years, Chromate Conversion Coatings (CCC) based on the
extremely toxic hexavalent Cr VI have been used and established as the principal protection for
Al alloys. However, with the start of European REACH Legislation and the progressive
interdiction of toxic and hazardous chemical compounds since 2007, new protection alternatives
are being studied and developed to fit a more ecofriendly way and confirm the objective of REACH
legislation to completely ban the CCC until 202421,

In this context, alternative coatings based on compounds like molybdenum, zirconium titanium
among others®! and afterwards bio-sourced materialsFrreur! Source du renvoi introuvable. haye heen

evaluated as possible substitutes to CCC. In the latter case, lignin bio-sourced based materials have
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recently been considered as good candidates due to their heat resistance, their good coating
mechanical properties and the vast abundance of lignin®.

The lignin is a complex biopolymer with a three-dimensional structure based on cross linked
phenolic groups. In addition, its physico-chemical properties depend on the relative proportion of
the main chemical groups: syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H), which the
proportions will define the final characteristics of the complex molecule!” . As the second most
abundant biopolymer on Earth after cellulose, lignin plays a key role in the structural constitution
of the walls of wood, herbals and other plants conferring an important role of physical rigidity and
facilitating the transport of water due to its hydrophobic character!®. One of the most important
industrial processes related to lignin extraction is the Kraft pulping, that is capable to separate the
lignin from cellulose after processes using sodium hydroxide and sodium sulphite!®!. The final
obtained lignin has a high molecular weight (more than 2000 g/mol), reveals the presence of
residual sulfur (from the extraction process) and its structure is modified during the Kraft process,
as B-ether bonds are break down creating an abundant quantity of C-C bonds!'),

The lignin extraction market was expected to reach a market size of around 611 million dollars
in 202111, but despite the high economic amount, most of the lignin production is destined to be
burned and used as an energy source. Only 2% of its total production are used for applications of
greater scientific value as binders and nanoparticles fabrication. Thus, looking for new
applications, first studies have been highlighted the promising implementation of lignin in bio-
sourced materials, in which properties like high content of cross-linking and natural
hydrophobicity can confer interesting wettability properties to final protective layers!!'?),

In such context of protective coating materials, several deposition techniques have been

performed and optimized over the years to study and improve the interaction of lignin based
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materials with different substrates. For instance, simple methods such as drop-casting of lignin
solution on a substrate surface were studied by Lee and Luner!!*), but it was proven that this
methodology only based on controlling the process temperature and applied pressure on the film
did not produce a stable material under the conditions of use. More versatile methods using
deposition processes like spin coating!'¥, electrophoretic deposition!!*! and dip-coating®rreur ! Source
du renvoi introuvable. haye also been explored using pristine or modified lignin into polymeric and
metallic substrates. Such techniques lead to relatively stable coating layers and allow the
development of organic-inorganic hybrid materials associating inorganic sources and lignin.

Considering these points, our work is focused on the development of a versatile way to produce
a lignin-based hybrid coating on Al 2024 alloy substrate by dip-coating but using a substrate pre-
functionalized step with the coupling agent 3-(Triethoxysilyl)propylsuccinic acid (TESPSA) prior
to film deposition. To our knowledge, such strategy has not been explored previously on lignin
base coating on metal substrate.

In this context, lignin-silica film nanocomposite on Al 2024 alloy has been prepared through a
dip-coating process using an Evaporation Induced Solvent Self-Assembly (EISA) strategy. EISA
is a powerful chemical method widely used to design well-defined hybrid nanostructured and
nanopatterned materials!!”). Such technique based on organic and inorganic entities self-assembly
leads to structuration at nanoscale of metal oxides using structuring organic mesophases from
inorganic precursors in solution and triggered by the solvent evaporation. Combining such
technique to a dip-coating process allows to optimize the structure and morphology of the hybrid
coatings by controlling the experimental conditions like the withdrawal speed, the relative
humidity or the deposition temperature!'®), We have taken advantage of the EISA methodology to

prepare hybrid lignin/silica film nanocomposites through typical sol-gel process using two
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synthetic pathways. One of them involves a substrate pre-coating functionalization step by
TESPSA, an organo-alkoxide precursor able to create ester bonds that improves both the
interaction between the coating layer and the substrate and the interconnection of the organic and
inorganic networks within the hybrid materials. Particularly, the influence of such
functionalization and the full characterization of the coatings were studied using a panel of
techniques including X-Ray photoelectron spectroscopy (XPS), Fourier Transform Infrared
Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), Contact Angle measurements and

roughness evaluation.

Materials and Methods
Chemicals and substrates

The used kraft lignin is a non-toxic product from renewable sources which was bought from
UPM Biochemicals (UPM BiopivaTM 100) and no further modified (molecular weight Mw,
5000g/mol). Tetrahydrofuran (THF), Acetone 99.5%, Tetraethyl orthosilicate (TEOS) 98%,
Hydrochloric Acid (HCI) 36%, Nitric Acid (HNO3) 65% and 3-(Triethoxysilyl)propylsuccinic
anhydride (TESPSA) 95% were all provided by Merck, the Toluene 99.5% used was obtained at
ACROS ORGANICS and the Sodium Hydroxide (NaOH) 97% at PROLABO.

The 300 mm x 300 mm x 1.60 mm dimensions aluminum alloy 2024-T3 plate (Al 93.5 wt% /
Cu 4.5 wt% / Mg wt1.5% / Mn 0.5 wt% nominal composition) from Goodfellow Cambridge Ltd.
was cut into 60 mm x 20 mm x 1.60 mm substrates before deposition.

Pre-coating chemical preparation of the substrates
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The Al 2024 alloy surface was prepared before coating following a protocol insuring at the same
time a subsequent increase of the roughness and the hydroxylation of the surface to facilitate the
anchorage of the active hybrid layer.

The preparation started with the immersion under sonication of the Al alloy substrate in acetone
for 10 minutes (room temperature) insuring the degreasing of the surface. Then, an alkaline
pickling (NaOH 2.5 M) was done during 1 minute at 45°C and followed by an acid etching (HNO3
1.6 M) for 30 minutes at room temperature.

Solution preparation

Two solutions of lignin were prepared for the coatings. The first one (Solution A) is prepared by
mixing the Kraft Lignin with TEOS as the silica source. This preparation method is adapted from
a procedure according to the work of J. Wei et al.l"l. Typically, 0.12 g of Kraft Lignin was
solubilized in 23.60 mL of THF and sonicated for 45 min. Then, the resulted brown solution was
acidified with the addition of 5.83 mL of 2M HCI and 0.97 mL of TEOS were finally added. The
solution was kept stirring and aging overnight to provide a complete TEOS hydrolysis. The final
weight ratio of such Lignin/THF/HCI 2M/TEOS solution is 1/175/50/7.5 (molar ratio: 1/8.6x10-
5/1.5x107%/5.8x107%) respectively and has a measured viscosity of 1.5 mPa.s (Anton Paar MCR
302e Rheometer). The second solution (Solution B) is the same than the previous one but without
any silica source and had a measured viscosity of 1.3 mPa.s. The whole preparation procedure is
identical except the addition of TEOS.

Coatings and substrate functionalization

The coatings were prepared following a direct route (DR) and a non-direct route (NDR). The

NDR procedure only differs from the DR pathway by a pre-functionalization step of the substrate

before coating. Such functionalization consists in the grafting of 3-(triethoxysilyl)propylsuccinic
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(TESPSA) on the aluminum alloy as an organo-alkoxide linker coupling molecule. Typically, the
pre-functionalization of the surface was done by immersing the previously prepared Al 2024
substrate in a solution of TESPSA/Toluene 2% v/v at 60 °C overnight. Afterwards, the sample was
washed with toluene and then immersed for 10 min in the same solvent at 100 °C to ensure the
removal of weak bonds. Finally, the samples were dried under nitrogen flow for 1 minutel20].

For both the DR and the NDR routes, the coatings were carried out by a dip-coating process
using an ACEdip 2.0 dip-coater model (SolGelWay, France). Either the solution A or solution B
was used as the immersion bath. The conditions of deposition were optimized by the control of the
parameters given in the Table 1. Particularly, due to the moderate viscosity and the precursor
concentration of the solutions, a low relative humidity (RH) and a micronic withdrawal speed were
chosen to speed up the evaporation process and to target the capillarity coating regime to increase
the thickness of the material deposition!?!,

Table 1. Dip-Coating constant parameters used for deposition.

Parameter Value
25.00 £ 2.00
Temperature oC

Withdrawal speed 0.05 mm/s
Immersion Speed  10.00 mm/s
Immersion Time 5 seconds
Number of Cycles 1

Relative Humidity 10%
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After deposition, the samples were left to dry inside the dip-coater chamber for 3 minutes before
finally thermally treated in an oven at 120°C for 5 minutes. For both, DR and NDR routes, the
deposition parameters were identical.

X-Ray Photoelectron Spectroscopy (XPS)

XPS measurements for chemical analysis of samples were run with a Thermo K-alpha
spectrometer working with a hemispherical analyzer and a micro focused (400 um diameter
microspot) monochromatic radiation (Al Ka, 1486.6 eV) operating at 72 W under a residual
pressure of 1.10—9 mbar. Pass energy was adjusted to 20 eV. To compensate the charge effects
present on the analysis, a dual beam charge neutralization system (low energy electrons and Ar+
ions), which has the unique ability to provide consistent charge compensation was used. For the
quantification of the spectra, all Relative Sensitive Factors (R.S.F.) were imported from the
Scofield cross sections database.

Three types of analysis were performed, a single surface point analysis using the parameters
described above, a large area analysis ("chemical map") with a pass energy of 80 eV and a 20 pm
step, for a total of 560 analyzed surface points and finally a depth profile, with an Ar+ ion beam
at a 3000 eV energy. The sample was etched for 40 seconds/cycle, and a total of 60 cycles was
performed.

The calibration of all spectra was based on the binding energy of aliphatic carbon considered at
285.0 eV. The mathematical fitting was done with the software Casa XPS using a least-squares
algorithm and a non-linear baseline (Shirley). The experimental curves peaks were fitted using a
combination of Gaussian (70%) and Lorentzian (30%) distributions.

The control of the natural aluminum oxide passive layer thickness (dAl1203) on the metal

substrate was done using the following equation22]:
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N, A1
(daj203)(nm) = A,0sin6. sinf (M + 1)
Nololm

Where Nm and No are the metal and oxide densities respectively (Nm =2.7 g/cm3 and No=3.95
g/cm3), A is the inelastic mean free path (IMFP) calculated in®*! and reported as 26 nm for the Al
metal and 28 nm for Al oxide. The oxide to metal peak ratio (Io/Im) was obtained from XPS
quantification. The theta (0) angle used was 54.7 degrees and depends on the inner optical
configuration of the spectrometer.

Scanning Electron Microscopy (SEM)

All SEM images were recorded with a JEOL JAMP-9500F Field Emission dual Auger-SEM
Microprobe equipment, operated at 30 kV and 5 nA. The analyzed samples were coated with a
thin layer of gold generated from a DESK V (Denton Vacuum) metallizer for 1 minute at 50 mA.
Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis were performed in a Nicolet Spectrometer model 6700 (Thermo Scientific) in ATR
mode. All spectra were obtained in a range of 600 cm™ to 4000 cm™ in the transmittance mode, 64
scans were performed with a step of 2 cm™ and resolution of 4 cm™'. To acquire the results, the
coatings were removed from the substrate by scraping and then analyzed.

Water Contact Angle measurements (WCA)

The WCA measurements were performed with a Tracker Automatic Drop tensiometer from Teclis
Scientific. The volume of the water droplet was kept 3 pL for all measurements at 25°C and for an
acquisition time of 5 minutes. The relative incertitude of the measures is & 2°.

Roughness evaluation

The surface roughness was measured with a Micromesure CHR 150 profilometer (STIL Society),
providing 2D and 3D profiles. The profilometer is equipped with a high-resolution sensor that

allows measurements in small units. The data was acquired in the SurfaceMap Software and then
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the results treated by the software MountainsMap®Scanning Topography 7.4.9391, that provided

the root main square height (Sq) following ISO 25178 standard.

Results and Discussion
Physico-chemical characterization of the Kraft Lignin

The Kraft Lignin powder was characterized before used in the materials preparation. The SEM
images revealed a dense and big agglomerates structure (Figure 1a), made of particles with a micro

globular morphology.

b) cis
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Figure 1. Physico-chemical characterization of the Kraft Lignin powder: SEM image (a), XPS

general survey (b) and C 1s core level spectra (¢) and FTIR spectrum (d).

XPS analyses were performed to obtain a better view of the chemical composition and signature

of the raw material. In Figure 1b, the most intense peak of lignin general spectrum (around 284.9

ACS Paragon Plus Environment
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eV) corresponds to C 1s orbital, and represents almost 80 at.% of the total composition (Table 2).

The minor elements traces found, sulfur, nitrogen and sodium, are from the extraction process.

oNOYTULT D WN =

The associated C s spectrum, Figure 1c, confirms the complex chemical composition of the
10 biopolymer, with four major different carbon chemical environments C-C/C-H, C-O, C=0, O-
C=0. The C-C/C-H bonds (285.0 eV) in association with C-O (286.5 e¢V) constitutes almost 100
15 % of the total chemical environment, what is expected, once the molecular structure of the Lignin

1.4, The component in 291.5 eV

17 is mainly based on these interactions, as stated by Brazil T. et a
is related to m—m* transition.

22 Table 2. XPS quantitative data of Kraft Lignin.

25 Kraft Lignin
26 Core

27 Peak o Total At.
BE (eV) at% Conc (%)

30 285.0 474

32 286.5 27.7

34 Cls 288.3 0.7 77.9
36 289.4 1.3

38 291.5 0.8

40 5329 3.5

41 O1ls 20.8
42 534.2 17.3

45 N 1s 401.0 0.1 0.1

47 Nals 10729 0.3 0.3
49 164.5 0.4
o1 S 2p 165.8 0.2 0.9

53 169.7 0.2

60 ACS Paragon Plus Environment
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170.8 0.1

In good agreements with the previous XPS characterization, the FTIR analysis of the Lignin
(Figure 1d) displays some characteristic bands related to the lignin molecular structure. The peaks
around 1510 cm™ and 1600 cm™ are related to vibrations of aromatic groups. Around 1030 cm™ a
band from C-H bond stretching and the shoulder, at 1260 cm™' identifies the guaiacyl bond in
lignin®]. In addition, at higher wavenumbers around 3350 cm™ an intense band from -OH
stretching can be observed.

Aluminum substrate characterization after chemical pre-coating treatment
The characterization of the surface state of the alloy substrate in terms of morphology and

chemical composition is of primary importance for the material deposition processes

ACS Paragon Plus Environment
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understanding. SEM images revealed some differences between the raw Al 2024 substrate (
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Figure 2b) and the prepared substrate
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Figure 2c) with some bright and white structures, stated as intermetallic particles (

100 pm

Figure 2d)® revealed after the partial removal of the native Al,O3 oxide layer .
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In addition, the surface roughness increased after the surface treatment as attested by the

formation of holes n

oNOYTULT D WN =
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w W
O

Figure 2¢ and Figure 2d. The increasing of the roughness is well-known to promote the adhesion

>~ b
- O

of the coating layer on such type of substrates as reported by Fernandez-Hernan, J. P. et al.?7].
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Figure 2. SEM images of Al 2024 substrate: raw material (a and b) and after chemical treatment

preparation (¢ and d).

The XPS investigation of the raw Al 2024 substrate (Figure 3a) showed a small content of
aluminum (9 at.% in Table 3) due to the residual organic pollutions (mostly hydrocarbon entities)
coming from the machining of the substrate. The Al 2p signal is composed of 3 chemical
environments corresponding to Al° at 73.1 eV-73.5 eV, AI(OH)3/AIO(OH) at 74.2 eV and Al>O3
at 75.4 eV[28H29L30],

Despite the difficulty to observe the metal substrate underneath the natural oxide layer, the

presence of Si and Zn traces, as constituent elements of the alloy, can be seen even if they are not

ACS Paragon Plus Environment
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described in the nominal composition given by the provider. These elements are extensively cited
in the literature and correspond to the presence of intermetallic particles. The silicon is for instance
present in a very small amount into particles such as MgSi,*1+32],

After the alkaline and the acid treatment, the copper signals (Cu2p3/2 at 933.6 eV and Cu3p3/2
at 77.9 eV) start on emerging from the XPS profile (Figure 3c). The copper enrichment is related
to the partial dissolution of the ALbOs layer that exposes minor alloy elements (Al2pAl203/
Al2ptotal ratio slightly decreases from 0.83 to 0.70). The complementary calculation of the native
oxide layer thickness indicates a decrease from 12.1 nm to 7.2 nm of the Alumina layer after the
surface preparation, corroborating the SEM images.

Inversely of what happens to Cu, the Mg and Zn almost completely disappear from the

composition, indicating that intermetallic particles like ZnO and Zn(OH). were eliminated during

surface preparation!®*),
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Figure 3. XPS general survey and Al 2p core level spectra of Al 2024 substrate: raw material (a,

b) and after chemical treatments (c, d).

In addition, XPS characterization shows an enhancement of the hydroxylation products (twice
more important after the chemical cleaning, Table 3) over the surface with the Al 2p component
at 74.3 eV growing up (Figure 3d)*. This hydroxylation layer increase is supposed to be
beneficial for the anchorage and condensation of silica and of the organo-alkoxide TESPSA on the
substrate during the pre-functionalization step.

Table 3. XPS quantification of raw Al 2024 and after chemical treatments.

Al 2024 alloy raw Al 2024 alloy prepared

ACS Paragon Plus Environment
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Core o Total At. o Total At.
Peak BE (eV) at% Conc (%) BE(eV)  at% Conc (%)

73.1 0.6 73.0 4.8

oNOYTULT D WN =

73.5 0.3 73.5 2.4
9.0 35.5
10 Al2p 749 0.6 74.3 3.5

75.4 7.5 75.4 24.8

16 285.0 66.0 285.0 17.8

18 286.3 5.4 286.6 2.9
19 Cls 74.7 228
20 287.9 1.2 288.1 0.5

5 289.1 2.1 289.4 1.6

24 Ols 532.2 14.1 14.1 532.0 38.3 38.3

27 Mg2p 515 0.7 0.7 ; ; ]
29 Si 2p 102.8 0.4 0.4 104.3 0.9 0.9
32 Nals 10720 04 0.4 - ] ]

34 N Is 399.7 0.4 0.4 400.2 0.5 0.5

Zn2p 1022.2 0.3 0.3 1022.5 0.1 0.1

39 199.1 1.3
40 Cl 2p - - - 1.9
a1 200.5 0.6

45 Hybrid lignin/silica coatings
The Al 2024 substrate was coated with the hybrid lignin/silica layer according to the DR and
50 NDR routes previously described in the experimental section.

52 Elaboration from the Direct Route (DR)
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The SEM image in Figure 4a displays a clearly visible heterogeneous morphology of the coating
with holes and also globular particles (zoom in, Figure 4b) that could be assigned to the kraft
lignin.

Such heterogeneous structure of the coating was clearly highlighted and confirmed by the XPS
characterization. First, the XPS chemical mapping achieved on a 6 mm x 4 mm surface area
(Supporting Information — Figure S1) exhibits a non-uniform distribution of the carbon C 1s
attributed to the presence of lignin on the surface. A clearly visible hole-like porous structure of
the carbon signal can also be observed in Figure S1b. On the other hand, O 1s, Si 2p and Al 2p
signals, depicted on the figure Slc, d and e respectively and combined in the overlay Figure Sla,
are mostly detected within the holes. The XPS spectra confirm the previous results. The general
survey (Figure 5a) exhibits an Al 2p peak (2 at.% - 74.9 eV) attesting of the detection of the
substrate. The C 1s spectrum (Figure 5b) is similar to the Kraft lignin one previously shown on
Figure 1c with the different carbon components encountered and a total content around 60 at. %
(C/O ratio of almost 2.2). Moreover, the XPS Si 2p and O 1s signals (28.8 at.% and 8.3 at.%
respectively) are located respectively at 103.0 eV and 532.5 eV that would correspond to a siloxane
network. The composition table of the DR Lignin/Silica is present in the Supporting Information

(Table S1)33) B3¢,
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Figure 4. SEM images at low magnification (a) and high magnification (b) of lignin/silica coating

on Al 2024 substrate using the DR route.

In this configuration, the probable reason of this heterogeneous structure would come from the
nature and the strength of interactions between the hybrid layer and the Al 2024 substrate.
Particularly, condensation of silane onto the aluminum substrate can typically occurs through the
surface hydroxyl groups. But the strong hydrophobic character of lignin induces probably
microphases segregation during the solvent evaporation process leading to a heterogeneous spatial
distribution of siloxane bonds onto the aluminum substrate. Such segregation process may also be

accentuated by the post deposition thermal treatment of the films.
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Figure 5. XPS spectra of DR Al 2024 coated substrate: (a) survey spectrum and (b) C 1s core level

spectrum.

The FTIR characterization confirms the siloxane-like network, indicating two bands related to
the presence of Si that were not visible in lignin spectrum. The first at 950 cm™! could be correlated
to Si-O-C=0OCH3; bond and the second one at 1050 cm™! would corresponds to both Si-OR signal
and lignin C-H bonds. The bands related to aromatic vibrations (1600 cm™) and to OH stretching

(around 3350 cm™) are still present in the spectrum, corroborating the presence of lignin!37].
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Elaboration from the Non-Direct Route (NDR)

Substrate functionalization

For the NDR route, a surface pre-functionalization with a TESPSA organo-alkoxysilane linker
before coating was performed to improve the structuration and the adhesion properties of the
hybrid coating layer on the substrates. After the surface modification, the XPS analysis clearly
confirmed the change of the surface chemical composition with the appearance of silicon signals
(Si 2p at 102.5 eV and Si 2s at 153.4 eV respectively) (Figure 6a). The values of corresponding
binding energies attest of the presence of the coupling agent with the detection of RSi03-Metal
chemical environments!38]. The observation of the intense C 1s component at 289.3 eV related to
the O-C=0 function of the TESPSA (Figure 6b) and the ratio Oo-c)/Si at 2.05 confirmed the

grafting of the succinic precursor.

a)

Relative Intensity (au)
Relative Intensity (au)

A T B T B A ‘ . . . L .
1200 1000 800 600 400 200 0 292 290 288 286 284 282
Binding Energy (eV) Binding Energy (eV)

Figure 6. XPS spectra of TESPSA functionalized Al 2024 substrate: (a) survey spectrum and (b)

Cls core level spectrum.

Moreover, the absence of Al 2p signal in the XPS survey spectrum reveals that the pre-

functionalization layer is thicker than 5 nm due the XPS detection limit depth. Near 60 at.% of
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carbon is detected on the surface in comparison to 10 at.% of silicon (Supporting Information —
Table S2).

NDR hybrid coating

SEM investigation shows an apparent homogeneous coating in Figure 7a with the presence of a
high density of particles or particles aggregates onto the outermost surface. At higher
magnification, the Figure 7b displays more details of the coating which appears as a well-
interpenetrated like network with some visible small cracks in low amount. Such cracks are
commonly reported in the deposition of high thickness hybrid material by dip-coating!®**! without
affecting, in a large extent, the surface wettability. For comparison, in Figure 7c and 7d are shown
coatings that have been prepared in the same conditions without silica source (solution B). The
SEM images exhibit a completely different structuration with a low density distribution of isolated

or aggregated lignin microparticles.
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100 ym

Figure 7. SEM images of hybrid lignin/silica (a, b) or lignin (c, d) coatings on Al 2024 substrate

prepared through the NDR route.

To further investigate the chemical properties, FTIR characterization of the hybrid materials
layer were performed (Supporting Information — Erreur ! Source du renvoi introuvable.2). The
results confirmed the presence of the symmetric stretching vibration of the Si-O-Si bonds at 800
cm’!. A large peak is also observable in the 1000-1300 cm™ that is assigned to the overlapping
signals of the asymmetric stretching vibrations of Si-O-Si and of the stretching vibrations C-O, C-
C and C-H group of lignin. Another remarkable region, that could also be related to the presence
of Si, is the intense band at 1700-1750 cm™! that corresponds to the stretching vibrations of C=0

coming from undissociated -COOH, -OC—0-Si or -OC-O-C groups!*’,
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In addition, XPS was performed to study the chemical composition of the materials surface. The
general survey (Figure 8a & ¢) and related quantifications presented in Table 4 shows a substantial
increase of carbon content for the NDR hybrid material comparing to the coating prepared with
the lignin alone. The quantification also shows a decrease of Si signal from 7.9 at.% to 3.2 at.%
for NDR-lignin and NDR Lignin/Silica respectively. Moreover, the C/O ratio of almost 3.8 for
NDR Lignin/Silica instead of 3.0 for NDR Lignin is very close to the 3.7 value of Kraft lignin
(Table 2) and the C 1s peak profiles (Figure 8d) even match perfectly with the kraft lignin Cls
profile showed in Figure 1c . This tends to confirm the presence of Kraft Lignin on the top surface

of the coating layer in good agreements with the SEM images in Figure 7¢ & d.
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Figure 8. XPS spectra from NDR Al 2024 substrates: a) Survey spectrum of NDR — Lignin
coating, b) Carbon 1s core level spectrum of NDR- Lignin coating, ¢) Survey spectrum of NDR —

Lignin/Silica coating and d) Carbon 1s core level spectrum of NDR- Lignin/Silica coating.

The increasing in the lignin particles at the surface of the substrate may be promoted by an
esterification process described in the Figure 9. Such process improves the stability of the lignin
layer comparing to the DR route and results in the formation of ester bonds coming from the
reaction between the —OH groups of the lignin and the carboxylic acid groups of the TESPSA. In
addition, the cross-linking of TEOS with TESPSA already demonstrated by Chen, R. et al.*!l has
also to be considered. In this case, co-hydrolyzing and co-condensation processes would occur
between the silica precursors and the carboxylic acid groups of the succinic linker. Such previous
reactions are favored by the use of acid catalyzer and improve the stability of the hybrid coating
as well. Those reactions contribute to the generation of a robust interconnected hybrid lignin/silica
network as covalent bonds can form to the succinic linker both from the lignin and the silica source.
In comparison to the direct route, the stability and the improvement of the lignin deposition is
strengthened by the C/Si ratio which increases from 7.6 for DR Lignin/Silica (Supporting
Information — Table S1) to 24 for NDR Lignin/Silica. The value of this ratio is only 8.7 for NDR-
lignin (Table 4). Such observation tends to conclude to a synergetic effect of the hybridation with
TEOS to form a stable hybrid layer.

In addition, the values of the binding energy of Si2p in Table 4 are 102.5 eV and 103 eV for
NDR-lignin and NDR-lignin/silica respectively. Considering that for pure SiO2, such the binding
energy of Si2p is close to 104 eV[**], we can conclude of a higher number of electronegative atoms
close to silicon atoms for NDR lignin and NDR lignin/silica. This is evident for the succinic linker

with its non-hydrolysable carbon-silicon bond. For NDR-lignin/silica, the lower value in
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comparison to pure SiO2 is characteristic of lignin/silica interactions leading to more carbon rich

environments at the vicinity of silicon atoms in the hybrid materials*+44
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Table 4. XPS quantification analysis of NDR-Lignin and NDR-Lignin/Silica coated samples.

B W W
o OV ©

har

NDR-Lignin NDR-Lignin/Silica

N
)

Core Peak

N
w

Total At. Total At.
[}) [})
BE (eV) at% Conc (%) BE(eV) at.% Conc (%)

H D
[V RN

N
(o))

284.9 47.9 285.0 58.7

A b
o N

286.5 18.9 286.5 14.0

o
O

Cls

w
o

287.9 1.7 69.3 287.6 1.3 76.7

o n
N —

289.5 0.8 289.4 2.1

(G0N0, |
VY]

290.2 0.6

(O BN, BN, RO, R, ]
O 00 NOY WU,
1
1

ACS Paragon Plus Environment

(o))
o

29



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering Page 30 of 44

Ols 533.0 22.8 22.8 5329 20.1 20.1
Si2p 102.5 7.9 7.9 103.0 3.1 3.2
C/Si 8.7 24.0

For a deeper characterization of the hybrid layer structuration, a depth profiling experiment has
been performed by etching the surface during 2500 seconds with an Ar” ion beam at a 3000 eV
energy (Figure 10a and Table 55) and was coupled with a systematic XPS experiment (Figure
10a). After 100 sec of etching the Si 2p signal presents the same single component at around 103.0
eV than before etching (Figure 10c), attesting of carbon rich environments in the silica network as
already described above and reported elsewherel45]. When reaching the metal substrate interface
after 1000 sec etching, the Al 2p signal of the substrate is visible with the same signature than

previously described in section 3.2.1 (Figure 10f).

Argon beam
a)

Hybrid lignin/silica

N

sizp Alzp
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Figure 10. Etching beam of NDR Lignin/Silica coating: (a) graphical representation of the
procedure, (b) evolution of the elements concentration (at.%) during the etching process, (c) XPS
spectra of Al 2p core level spectrum after 100 sec of Ar' etching , (d) Si 2p core level spectrum
after 100 sec of Ar" etching f,(e) XPS spectra of Al 2p core level spectrum after 1000 sec of Ar+

etching and (f) Si 2p core level spectrum after 1000 sec of Ar" etching .

At this point, the experimental profile of the Si 2p peak splits into two components at 102.4 eV
and 104.1 eV respectively (Figure 10e). The first component at low binding energy is associated
with the TESPSA layer (Supporting Information - Table S2) while the other one is characteristic
of Si0,1]. This confirm the location of the substrate/succinic linker interface a 1000s with a SiO»
network connected to the functionalization layer of TESPA. Such observations are in good
agreement with the evolution of the C/Si ratio from 24 to 2.3 (table 5) between 100s and 1000s
etching respectively. This confirms a heterogeneous structuration of the coating from the surface
to the substrate. Indeed, Lignin tends to segregate at the surface of the coating layer whereas its
concentration decreases while approaching the substrate interface. Concomitantly, the contribution
of the inorganic part evolves in the opposite way with a higher concentration of silica close to the
aluminum substrate.

Table 5. XPS quantification analysis of NDR sample before and after Ar" etching.

NDR-L/S 100 sec NDR-L/S 1000 sec
NDR-Lignin/Silica
Core etched etched
Peak
BE o, Total  At. BE o, Total  At. BE o, Total At
(eV) at% Conc (%) (eV) at.% Conc (%) (eV) at% Conc (%)
- - - - 73.3 0.6
Al 2p - - 2.9
- - - - 73.7 03
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- - - - 742 03
- - - - 754 1.7
285.0 58.7 2849 70.7 285.1 413
286.5 14.1 286.3 12.8 2864 5.0

Cls 76.8 88.6 49.6
287.6 1.6 287.7 2.2 287.7 2.2
2803 2.4 2803 2.9 2893 1.1

Ols 532.7 20.0 20.0 5330 73 73 5333 26.0 26.0
103.0 3.2 103.2 4.1 1024 129

Si2p 3.2 4.1 21.5
- - - - 104.1 8.6

C/Si 24.0 21.6 23

Wettability Analysis

The Static Water Contact Angle (WCA) experiment demonstrated a direct relation between

samples hydrophobicity, expressed by higher angles, and the O/C ratio reduction in relation with

a higher content of Lignin at the material surface. Therefore, after Lignin/Silica coating there was

a substantial elevation of the contact angles confirming that the effectiveness of the covering layer,

as can be seen in Figure 11.
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Water Contact Angle
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32 Figure 11. Water Contact Angle of the different studied coated substrates in this work.

35 The aluminum substrate after preparation presents a very small contact angle of 28° attesting of
a hydrophilic character. This result can be explained by the fact that preparation promotes a general
40 hydroxylation of the surface, what increases the affinity with the water. For the coated surfaces, a
42 progressive increase of the contact angle is observed from the DR material to the NDR ones. The
substrate covered via DR shows the lowest result of the series with a WCA of 50° and higher
47 values are found for the NDR samples with 69° and 95° for lignin alone and lignin/silica
49 respectively.

Such results are in good agreement with a better stability of the coating and of the higher lignin

54 concentration at the surface of the for the NDR route improving the hydrophobic character of the
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material. Such stability can be attributed to the esterification process reducing at the same time the
amount of hydroxyl groups promoting the hydrophobicity(47].

The XPS O/C ratio evolution is inversely proportional to the WCA, since the highest ratios were
identified in the most hydrophilic samples. The prepared Al 2024 had an O/C ratio of 1.67
indicating a high presence of oxygen on the surface, as expected due to the presence of the
hydroxylated products. The O/C ratios of the coated samples ranged from 0.46 for the DR
Lignin/Silica to 0.33 for the NDR Lignin and finally 0.26 for the most hydrophobic NDR
Lignin/Silica surface.

The improvement of hydrophobic character could also be related to the increased surface
roughness of the coated samples, once the Sq value gradually increases from 0.45 um for Al 2024
after preparation, to 0.63 um for the DR Lignin/Silica system and finally 1.56 pm for the NDR
Lignin/Silica, having a directly proportional relation to the increase of WCA.

As stated by Wang et al.[48] it can be observed that in some heterogeneous samples, where
Wenzel's theory can be applied, the increase in roughness will maximize the wettability behavior

making hydrophobic surfaces interact even less with water.

Conclusion

In this work, the EISA methodology was coupled with a dip-coating process and was
successfully applied to design lignin-silica hybrid films on Al 2024 substrates. In order to control
the different steps of the elaboration process and to fully study the interfaces of the hybrid
materials, a deep surface characterization methodology by XPS was deployed combined with SEM

imaging.
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For instance, the microscopic observations revealed the presence of Lignin nanoparticles at the
surface of the coating for the NDR route. It is confirmed by the strong percentage increase in the
C/Si ratio seen in XPS (approximately 215%) when NDR is compared to DR, that attests of an
increased content of lignin at the surface of the coating and of a better stability of the film due to
the TESPSA pre-functionalization comparing to the direct route. The evolution of the C/Si at.%
ratio and the Si2p binding energy from the outermost surface to the layers close to the substrate
indicates an heterogeneous in-depth structuration of the hybrid layer. Indeed, a segregation process
of the lignin at the surface of the coating has been observed for the NDR route improving the
hydrophobic character of the films with an obtained WCA angle of 95°. Finally, such methodology
based on the pre-functionalization step of the substrate combining to the powerful and versatile
EISA/dip-coating sol-gel deposition process could be easily adapted to other metal substrates or
extended to the development of other bio sourced/silica based hybrid materials for a wide variety

of applications.

Supporting Information

XPS chemical map with each element distribution and its combination for the DR — Lignin/Silica

sample (PDF)

XPS quantification composition table for the DR — Lignin/Silica and for the pre-functionalized

substrate (PDF)

FTIR spectrum for the NDR — Lignin/Silica sample with each band attribution
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