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Novel organic–inorganic hybrid coatings prepared using siloxane-poly(methyl methacrylate) (PMMA) were
synthesized using the sol–gel process, with incorporation of lignin to improve mechanical strength, thermal
stability and hydrophobicity, while maintaining the high anti-corrosive protection of siloxane–PMMA coatings.
Dispersion of lignin in the siloxane–PMMAhybridwas analyzed by opticalmicroscopy. Structural,morphological
and wettability analysis of the about 2.5 μm thick coatings, deposited on carbon steel by dip-coating, was
performed by X-ray photoelectron spectroscopy, atomic force microscopy and contact angle measurements.
Thermal stability was investigated by thermogravimetry and the mechanical properties were studied by
microhardness and microscratch measurements. Electrochemical impedance spectroscopy was used to evaluate
corrosion resistance in saline aqueous environments. All coatings showed good dispersion of lignin in the hybrid
matrix and low surface roughness between 0.3 and 0.4 nm. Incorporation of lignin increased hydrophobicity,
microhardness and scratch resistance, in addition to shifting thermal degradation events to higher temperatures.
The electrochemical tests showed that the hybrids act as efficient diffusion barriers, with corrosion resistance in
the range of 108 Ωcm2 after exposure to 3.5% NaCl aqueous solution. The hybrid containing a intermediate lignin
content of 0.10wt.% presented the best result, exhibiting themost hydrophobic surface (87.9°water drop contact
angle), the highest hardness value (31.5 HV), high scratch resistance (up to 80.7 mN) and elevated impedance
modulus (108 Ωcm2) after 50 days exposure.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The ligninmacromolecule confers rigidity and impermeability to cell
walls of terrestrial plants, usually corresponding to 15–30% of the dry
weight of wood. As one of the most abundant biomacromolecules in
nature, it is an important source of renewable biomass. It exhibits a
three-dimensional network structure formed by phenylpropane units
(Hydroxy phenyl-H, Syringyl-S, Guaiacyl-G) linked in more than 10
different ways, with the β-O-4 ether bond being one of the most
frequent [1,2]. The lignin used in this study was extracted from sugar
cane bagasse which contains 20–25% lignin with predominantly
syringyl units, G:S:H (1:2:0.8)—hardwood. Bagasse from sugar cane is
derived from ethanol production; from the 532.75 million tons of
sugar cane produced annually in Brazil, 26 to 76 million tons are ba-
gasse, fromwhich approximately 7.5million tons of lignin are generated
[3]. Biodiesel production also generates residual lignocellulosic material
(straw, trunk, branches, bark and mulch) from oilseed species such
as soybean, castor and cotton [3]. In the USA alone about 50 million
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tons of lignin are produced each year [2,4], most of which are burnt to
generate energy.

However, more noble lignin applications have been found to add
value to thewaste, as basicmaterial for aromatic (phenolic) compounds
[2], reinforcement of materials [5,6], stabilizer for polymers [7], produc-
tion of sensors [8], fiberboards [9], polyurethane foams [10] and wood
adhesive for constructing particleboard [11,12], among others. Proper-
ties such as lowdensity [6], low abrasive character [6] and hydrophobic-
ity [1] in addition to the low cost make lignin ideal to use as additive
in organic–inorganic hybrids for anti-corrosion coatings. Moreover, its
phenolic nature is expected to increase resistance of the polymeric
phase to oxidation, radiation and exposure to elevated temperatures
[2,3,13].

The siloxane–PMMA system is an interesting organic–inorganic
hybrid material due to its transparency, chemical stability and wide
range of applications. PMMA is rigid, transparent, and colorless thermo-
plastic, also known as Plexiglas and acrylic, used extensively in everyday
life. The inclusion of an inorganic component such as silica into the
PMMAmatrix substantially improves itsmechanical properties, thermal
stability and adhesion to metallic substrates [14,15]. Recent studies
showed that siloxane–PMMA coatings deposited on steel exhibit excel-
lent corrosion resistance both in saline and in saline/acidic environ-
ments. Detailed analyses indicated that the inorganic phase has an
important role in promoting adhesion between the coating and the
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Fig. 1. Image of (a) coated carbon steel and (b) siloxane–PMMAmonoliths with increasing lignin content: 0.00, 0.05, 0.10 0.50 and 1.00 wt.%.
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metal substrate, while the organic phase hermetically seals the film
structure. Thus the ramified siloxane cross-link nodes interconnected
covalently by short polymeric chains form a chemically inert barrier,
which prevents penetration of species that initiate corrosive processes
[16,17]. Furthermore, the incorporation of additives such as cerium
ions as corrosion inhibitor and carbonnanotubes results in improvement
of the corrosion protection efficiency and mechanic stability of the hy-
brids [18,19,20].

Damages caused by corrosion are responsible for huge financial
losses in industries, lack of safety in equipment and environmental
contamination. Since it is not possible to prevent metal corrosion
completely, newmethodologies with special alloys, corrosion inhibitors
and protective films have been produced to delay the corrosion process-
es for increasing time periods [17]. New materials that act as barriers
against diffusion of aggressive species have been widely investigated,
especially due to the need of replacing corrosion inhibitors based on
chromium. Such inhibitors are largely used to prevent metallic corro-
sion, but they cause damage to health and environment [21].

In this work we focus on the possibility to mechanically reinforce
the siloxane–PMMA hybrids and improve their thermal stability by
incorporation of increasing amounts of lignin,maintaining the excellent
anti-corrosion performance of thematerial. For this purposewe studied
the structural, thermal and mechanical properties of hybrid materials
by X-ray photoelectron spectroscopy (XPS), atomic force microscopy
(AFM), contact angle, thermogravimetry, microhardness and micro-
scratch measurements. The electrochemical performance of the coat-
ings in standard saline solution was studied using electrochemical
impedance spectroscopy (EIS).

2. Materials and methods

Lignin supplied by Dedini SA (Piracicaba, São Paulo, Brazil) was
extracted using the organosolv process (DHR—Dedini RapidHydrolysis)
with ethanol/water as solvent [22,23]. The powder lignin was washed
with water at 70 °C for 30 min under mechanical stirring to remove
residual sugars and impurities, filtered and dried at 105 °C until
constant weight [24]. The following commercially available reagents
Lig0.00%

Fig. 2. Optical microscopy of siloxane–PMMAmonoliths without
were used as received: 3-methacryloxy propyltrimethoxy-silane
(MPTS, Sigma-Aldrich), benzoyl peroxide (BPO, Sigma-Aldrich),
tetraethylorthosilicate (TEOS, Sigma-Aldrich), ethanol (Sigma-Al-
drich), nitric acid (Sigma-Aldrich), and tetrahydrofuran (THF,
Sigma-Aldrich). Methyl methacrylate (MMA, Sigma-Aldrich) was
distilled to remove inhibitors of polymerization.

The siloxane–PMMA hybrids were prepared in three steps, as
reported previously [17]: (1) radical copolymerization of MMA with
MPTS using BPO as thermal initiator and THF as solvent, (2) acid cata-
lyzed hydrolysis and condensation of TEOS in ethanol medium, using
the sol–gel process, and (3)mixture of the organic and inorganic phases.
MPTS is composed by a siloxane and a methacrylate group that act as a
coupling agent between the organic and inorganic phase. Lignin was
added into the inorganic phase, step (2), in concentrations: 0.00 wt.%,
0.05 wt.%, 0.10 wt.%, 0.50 wt.%, and 1.00 wt.%, relative the mass of the
hybrid. All molar ratios were kept constant: MMA/MPTS = 8, MMA/
TEOS = 4, BPO/MMA = 0.01, H2O/Si = 3.5 and ethanol/H2O = 0.5
[17]. The hybrids are referred as Ligx.xx% where x.xx is the lignin
concentration in the siloxane–PMMAmatrix. The homogeneous, trans-
parent hybrids were deposited on carbon steel by dip-coating and dried
on Teflon dishes to obtainmonoliths. The carbon steel A1010 substrates
(25 mm × 25 mm × 5 mm) with a nominal composition (wt.%) of
C = 0.15%, Mn = 0.69%, Si = 0.13, P = 0.031% and S = 0.010%, with
the balance of Fe, were polished using an AROTEC polisher with silicon
carbide paper grades 100, 320, 600 and 1500, and cleaned with isopro-
pyl alcohol. Dip-coating was used to deposit the hybrid coatings, apply-
ing 3 dips at a withdraw rate of 14 cmmin−1. Subsequent drying (60 °C
for 24 h) and thermal cure (160 °C for 180 min) ensured a high degree
of polymerization of the siloxane–PMMA hybrid structure.

EIS, XPS, AFM, contact angle, microscratch, pull-off and thickness
measurements were performed on coated carbon steel. Analyses by
optical microscopy, microhardness and thermogravimetry were per-
formed on monoliths (Fig. 1). An Olympus Microscope model Bx41
was used to evaluate the lignin dispersion in the hybrids. The RMS
surface roughness was determined using topography images with an
area of 1 μm2, obtained with an Agilent 5500 Atomic Force Microscope
(AFM) in the tapping mode. The coating thickness was determined
Lig1.00%

lignin and with the highest lignin concentration (1.00 wt.%).



Lig0.00%
RMS roughness: 0.40 nm

Lig0.10%
0.39 nm

Lig1.00%
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Fig. 3. AFM topography images and the calculated RMS roughness of siloxane–PMMA hybrids loaded with different quantities of lignin.
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using Filmetrics F3-CS optical system. The adhesion of the coatings to
the steel surface was evaluated by the ASTM D4541 method using a
Posi-Test Pull-Off Adhesion Tester (De Felsko), determining the tensile
pull-off force of detaching.

X-ray photoelectron spectroscopy (XPS) analysis of lignin and
hybrids containing lignin was carried out in a UNI-SPECS UHV Surface
Analysis System, using a pressure of less than 10−7 Pa, with Mg Kα
radiation (hν = 1253.6 eV) for excitation. The high resolution spectra
were measured with pass energy of 10 eV. The inelastic background of
the photoemission peaks of C 1s, O 1s and Si 2p was subtracted using
Shirley's method. The composition of the surface region (b5 nm) was
determined from the ratio of the peak areas corrected by the sensitivity
factors of the corresponding elements. Due to sample charging, the
binding energy scale was corrected using the C 1s hydrocarbon compo-
nent, fixed at 285.0 eV. For analysis of the local structure, the spectra
were deconvoluted using Voigt functions.

Thermogravimetry measurements of the hybrids were undertaken
in a TA Instruments SDT Q600 equipment, using nitrogen atmosphere
Fig. 4. Fitted C 1s (a) and O 1s (b) XPS spectra of lignin: (c) lignin molecular structure adapte
methyl groups.
with continuous flow of 70 mL min−1, sample mass of 7.0 mg in an
alumina crucible at a heating rate of 10 °C min−1.

The contact angles between the coated steel and water sessile drop
were measured using a Contact Angle System OCA, DATAPHYSICS,
coupled with a CCD camera. Each contact angle was obtained from an
average of 5 measurements, using 7 μL of distilled water.

The hardnessmeasurementswere performed in a BuehlerMicromet
2003 Microhardness Tester using a load of 0.5 kgf. A diamond tip
penetrates the sample at a given force and the diagonals of the rhombus
imprinted mark are measured by a microscope. The average of these
two measurements is used to determine the Vickers hardness, HV
[25]. Each hardness value was calculated from an average of 5 hardness
measurements with a standard deviation of less than 10%.

The microscratch measurements were undertaken in homemade
equipment at the National Physical Laboratory (London) to evaluate
scratch resistance and adherence of the coatings. For each sample,
3 tracks 6 mm long were performed using an increasing load (from
2 mN to 100 mN), with a diamond tip with spherical conical geometry
d from [27]. The O\\C component (red) represents the ether bonds and the hydroxyl and



Table 1
Atomic percentage of the element constituents of the siloxane–PMMA hybrids loaded
with different quantities of lignin.

Lig0.00% Lig0.10%
(at.%)

Lig1.00%

Carbon 56.6 56.7 60.9
Oxygen 34.9 35.2 33.6
Silicon 8.5 8.1 6.1
C/Si 6.6 7.0 9.9

Experimental error: ±5%.

Fig. 5. Fitted C 1s, O 1s and Si 2p XPS spectra of the siloxane–PMMA hybrids (structure inset) containing 0.00, 0.10 and 1.00 wt.% of lignin.
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and 10 μm radius. The equipment provides the friction coefficient with
the track distance. The results were analyzed using a Nikon Measuring
Microscope MM-60, coupled with a Nikon SC-213 Digital Counter,
fromwhich it was possible tomeasure the critical force atwhich delam-
ination occurs, using:

Breaking Force Fbð Þ ¼ Fstart þ Fend−Fstartð Þx L−l2
L

� �
ð3Þ

where Fstart is the initial force (2mN), Fend is the final force (100mN),
L is the track length (6mm), and l2 is the distance between the track end
and the first point of delamination, which was measured with the opti-
cal microscope.

The corrosion protection efficiency of coated carbon steel and of the
bare carbon steel surface was evaluated using electrochemical imped-
ance spectroscopy (EIS). These measurements were carried out at
25 °C with 80 mL of a neutral aqueous solution of 3.5% NaCl, applying
a sinusoidal potential perturbation of 10 mV (rms) after checking Eoc
for 5 min, once a week. The scanning frequency ranged from 105 to
10−3 Hz with 10 points/decade using a Potentiostat/Galvanostat
EG&G Parc-273 and a Frequency Response Analyzer Solartron-SI1255
impedance module. An Ag/AgCl/KClsat electrode was used as reference,
connected to the working solution through a Luggin capillary, a Pt grid
was used as the auxiliary electrode. Also used were a fourth platinum
electrode and a capacitor (10 μF) between the fourth and the reference
electrodes. The sample area exposed to the saline solution was 1 cm2.
3. Results and discussion

3.1. Structural and thermal features

The hybrid homogeneity depends on the compatibility between
the siloxane–PMMA matrix and lignin biopolymer, being essential for
anticorrosive action and reinforcing effect [26]. PMMA and siloxane
are polar materials that are compatible with the lignin polar structure
(average 1–2 hydroxyl groups permonomer) used in thiswork, yielding
a compatible blending in the liquid state, which should flavor the



Fig. 7. Contact angle between the siloxane–PMMA hybrid surface and water as a function
of the lignin fraction.

Fig. 6. DTG and TG curves (inset) of siloxane-PMMA hybrids with increasing lignin
content.
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formation of a highly homogeneous hybrid material. As shown by opti-
cal micrograph, displayed in Fig. 2, irrespective of lignin loading quanti-
ties all samples showed a homogenous structure without
microscopic segregations. No lignin agglomerates were observed,
which could impair the high anticorrosive efficiency of the silox-
ane–PMMA coating and the mechanical reinforcement. The AFM to-
pography images in Fig. 3 confirmed a low surface roughness
(RRMS b 0.40 nm) and excellent lignin dispersion in the siloxane–
PMMA hybrid matrix.

Quantitative XPS analysis was used to determine the atomic com-
position of the lignin reference, containing 81 ± 4 at.% of carbon and
19 ± 1 at.% of oxygen. The fitted C 1s spectra in Fig. 4-a showed an
intense component related to C\\H bonds, in addition to C\\O, C_O
and O\\C_O bonds. Three components were identified in the fitted
O1s spectra (Fig. 4-b), assigned to O\\C, O\\C_O and O_C bonds.
The proportion of these bonds is consistent with that reported for the
lignin structure (Fig. 4-c), including hydroxyl, methoxyl, carbonyl and
carboxyl functionalities and ether bonds [12].

The deconvoluted C 1s, O 1s and Si 2p XPS core-level spectra allowed
studying the evolution of the local bonding structure with increasing
lignin loading (Fig. 5). The chemical environments of the molecular
structure of the pure siloxane–PMMA hybrid were identified in the C
1s spectra, showing the expected proportion of intensities associated
with C\\H, C\\C\\O, C\\O and O\\C_O groups. For the O 1s spectra
three components were fitted, two related to O\\C_O and O_C bond
of PMMA and MPTS, and one associated with O\\Si bond of the in-
organic network. With addition of lignin content a fourth component
Table 2
Main thermal decomposition events, coating thickness and detaching force of hybrids,
containing increasing fraction of lignin (see text).

Sample T1
(°C)

T2
(°C)

Residue
(%)

Coating
thickness (μm)

Detaching
force (MPa)

Lig0.00% 235 280 22.9 2.35 3.6
Lig0.05% 225 315 22.1 2.59 3.7
Lig0.10% 240 295 22.4 2.52 4.1
Lig0.50% 260 315 22.1 2.68 3.7
Lig1.00% 230 315 21.1 2.65 3.4

T1: temperature of maximum degradation rate of the first event.
T2: temperature of maximum degradation rate of the second event.
appeared related to O\\C bond due to ether groups present in lignin
structure. The inorganic network stoichiometry, SiOx (1.5 b x b 2),
determined by the binding energy of the Si 2p peak indicates the
presence of Si\\O\\Si and Si\\OH groups [28].

The elemental composition of the samples, derived from the quanti-
tative analysis, is listed in Table 1. The data confirmed the presence of
lignin in the hybrid network, evidenced by the increasing C/Si ratio
coming from to the contribution of the additional carbon of the lignin
structure (81.4%).

The thermogravimetric curves, displayed in Fig. 6, indicate that the
siloxane–PMMA hybrids are thermally stable up to 150 °C, at which
the organic phase starts to degrade. The differential themogravimetric
curves showed that PMMA depolymerization under nitrogen occurs in
two steps: the first with maximum near to 230 °C is due to scission of
Fig. 8. Microhardness of the siloxane–PMMA hybrid monoliths as a function of the
lignin fraction.



Fig. 11. Critical delamination force of siloxane–PMMA hybrid coatings on carbon steel as a
function of the lignin content.

Fig. 9. Scratch test friction coefficient as a function of increasing load for hybrid coatings
containing increasing lignin content.
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weak head-to-head linkages and unsaturated vinylidene ends, while
the second above 300 °C is associated with random chain scission [29,
30]. The uncompleted condensed inorganic network dehydrates at
high temperatures (N350 °C) and forms stoichiometric silica (residue)
[31]. The addition of lignin shifted degradation to higher temperatures,
6.00 mm
(end) 

4.50 mm 3

Lig0.00% 

Lig0.05% 

Lig0.10% 

Lig0.50% 

Lig1.00% 

100 mN 

Fig. 10. Optical micrographs obtained after the scratch tests of siloxane–PMM
as shown in Table 2. This can be ascribed to the ability of lignin to trap
radicals formed in depolymerization, thus enhancing thermal stability.
The lignin phenolic structure can act as anti-oxidant and UV stabilizer
for polymers scavenging radicals introduced by irradiation or heating
[12,32].
.00 mm 1.50 mm 0.00 mm
(start)  

2 mN 

A hybrid coating on carbon steel containing different quantities of lignin.



Fig. 12. Complex plane impedance and Bode plots (log |Z| andΦ vs. log f) for bare carbon steel and samples coated with siloxane–PMMA hybrid coatings containing different quantities of
lignin after 1 day immersed in 3.5% saline solution.
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3.2. Wettability and mechanical properties

Contact angle measurements were undertaken to evaluate wettabil-
ity of the coating surface. The higher the contact angle ofwater drops on
the hybrid coating,more hydrophobic is the surface, being then less sus-
ceptible to wet corrosion. The measured contact angles of hybrids with
different lignin loads are displayed in Fig. 7. In comparisonwith the bare
steel, with contact angle of 71.8°, the hybrids aremore hydrophobic. For
carbon steel coated with pure hybrid a contact angle of 79.3° was mea-
sured. Upon lignin addition the contact angle increased to 87.9° for the
Lig0.01% sample and then decreased for higher concentrations. The in-
crease of the contact angle, observed for low intermediate lignin con-
centrations, can be the result of polycondensation of lignin hydroxyl
groups with those of the inorganic phase, during the sol–gel process.
This leads to a decrease of the total amount of hydroxyl surface groups,
and thus to a reduction of the polar nature of the hybrid, yielding more
hydrophobic coatings. The addition of higher lignin amounts (0.50 wt.%
and 1.00 wt.%) leads an excess of hydroxyl groups, responsible for the
decrease of the hydrophobicity of the surface.

The results of microhardness measurements on monolith samples
are displayed in Fig. 8. The siloxane–PMMA hybrid shows a microhard-
ness of 22.9 HV, which is close to that of PMMA (22 HV) [33]. This was
expected because the hybrid structure contains a higher percentage of
organic than siloxane phase, which has a microhardness of about 300
HV [34]. Compared do the reference sample the hardness increased 35%
with increasing lignin loading up to 0.50 wt.%, then remaining constant.
Fig. 13. Immersion time dependence of the complex plane impedance and the Bode plots (log
lignin in 3.5% saline solution.
The coating thickness, determinedwith an optical system, increased
slightly from 2.3–2.6 μmwith the lignin content (Table 2). The values of
the critical tensile pull-off force for detaching of the coatings are shown
in Table 2. It can be observe that the detaching force varies between
3.4 MPa and 4.1 MPa, reaching the highest value for the Lig0.10% sample.

Thesefindings are in agreementwith complementary results obtain-
ed for the adhesion of the coatings and its scratch resistance by
microscratch measurements. The scratch tests provide the friction
coefficient between the coating and the tip and critical load for delimi-
tation of the coating. For the pure hybrid the friction coefficient in-
creased with increasing load (2–100 mN) from a value of 0.3 until
reaching the steel substrate (μ=0.6), characterized by the noisy signal
starting at a distance close to 3.50 mm (Fig. 9). The lignin addition did
not change significantly the friction coefficient however it changed the
necessary load to reach the substrate, observed by optical microscopy
(Fig. 10). Optical microscopy images of the scratch track, shown in
Fig. 10, were obtained for five regions of the scratch track: 0.0 mm
(starting point), 1.5 mm, 3.0 mm, 4.5 mm and 6.0 mm (end point). All
hybrids showed four stages of deformation with increasing force ap-
plied to the hybrid coating: (1) elastic deformation, (2) plastic deforma-
tion, (3) coating cracks and (4) delamination. The distance between the
end point and the first point of delamination was referred as l2, which
was used to determine the critical force for delamination, shown in
Fig. 11. The lignin-containing hybrids were harder, more scratch resis-
tant and adherent than the pure hybrid matrix. The reinforcement in-
duced by addition of 0.10 wt.% of lignin in siloxane–PMMA hybrid is
|Z| andΦ vs. log f) for the carbon steel coated siloxane–PMMA hybrid contain 0.10 wt.% of
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worthnoting: comparedwith the Lig0.00% sample,with a critical load of
55 mN (3.26 mm), the Lig0.10% started to delaminate at about 80 mN
(4.80 mm), indicating a significant increase of the mechanical strength
of the coating.

3.3. Corrosion protection

Fig. 12 displays the electrochemical impedance spectroscopy curves
corresponding to carbon steel coated with lignin-containing hybrid
recorded after one day of immersion in 3.5% NaCl saline solution.
All hybrid coated samples showed several orders of magnitude higher
corrosion protection than bare carbon steel, most clearly visible on
the frequency dependence of the impedance modulus∣Z∣. Following
sequence for increasing corrosion efficiency was established:
Lig0.10% ≈ Lig0.00% ≈ Lig0.05% N Lig0.50% N Lig1.00%. The Lig1.00%
and Lig0.50% hybrids presented clearly lower impedance values,
with the appearance of a second time constant at low frequency, indic-
ative of corrosion process at the coating/steel interface. Samples con-
taining lower lignin concentrations (Lig0.00%, Lig0.05% and Lig0.10%)
presented an impedance modulus above 108 Ωcm2, more than four
orders of magnitude higher than that of bare carbon steel.

The phase angle at high frequency with values below−80° for at
least three decades show a capacitive characteristic (Φ=−90°), in-
dicative for a high passivation capacity in blocking the electrolyte up-
take of the coating. The samples were kept in saline solution and EIS
measurementswere performed every 7 days until the impedancemod-
ulus decreased by at least two orders of magnitude, associated with the
appearance of micrometric pits. Again, the best performance was found
for Lig0.10% sample, which maintained high corrosion resistance
(N108 Ωcm2) for more than 50 days (Fig. 13) with an impedance mod-
ulus almost unchanged, showing a significant stability improvement
compared to the previously reported siloxane–PMMA coatings [17].
These results highlight the Lig0.10% hybrid with intermediate lignin
content for which the excellent anti-corrosion performance can be di-
rectly related to the high contact angle, superior mechanical properties
and good adhesion to the steel substrate. This performance of siloxane–
PMMA lignin hybrid blend coating is associated with its non-porous
structure, formed by a dense and highly crosslinked hybrid network
that acts as efficient diffusion barrier against corrosive species [17]. The
silanol groups formed by hydrolysis of starting reagents TEOS and
MPTS together with the hydroxyl groups of lignin anchor the coating
on themetal through Fe\\O\\Si and FeO…HOR bonds [20], thus promot-
ing a high adhesive strength between the coating and the substrate.

4. Conclusions

Lignin extracted from sugar cane bagasse (organosolv process) was
added in different quantities to siloxane–PMMA hybrid synthesized
from sol–gel process, and then easily deposited on carbon steel by
dip-coating. The results indicated homogeneous dispersion of lignin in
the hybrid matrix, thus yielding low-roughness coatings and increased
hydrophobicity, hardness, adherence, scratch resistance and improved
anti-corrosion resistance in saline environments. The time dependence
of the electrochemical impedance showed that the hybrids with inter-
mediate lignin quantity (0.10 wt.%) act as efficient diffusion barriers,
with corrosion resistance of approximately 108 Ωcm2 after long-term
exposure in a 3.5% NaCl aqueous solution. Lignin has proved to be a
functional, environmentally friendly and low cost additive for the rein-
forcement of the siloxane–PMMA hybrid matrix.
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