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ABSTRACT ARTICLE HISTORY
Nanocomposite coatings are of great interest as barrier coatings since synergy effects between Received 8 June 2019
matrix and additive properties can be achieved. This, however, requires favorable additive-matrix Accepted 18 July 2019
interactions to provide a strong interphase (interface region). In this work we elucidate the proper-
ties of two environmentally benign nanocomposite coatings based on a waterborne acrylate for- h )

. . o . f Composite coating;
mulation with additives from renewable sources, i.e. either cellulose nanocrystals, CNC; or, corrosion protection;
alternatively, cellulose nanofibrils, CNF. We focus on the corrosion protective properties of these cellulose nanocrystais;
coatings and discuss the reason why the nanocomposite with CNC displays favorable corrosion cellulose nanofibrils;
protection properties whereas that with CNF does not. To this end we utilized scanning electron electrochemical impedance
microscopy, water contact angle measurement, Fourier transform infrared spectroscopy and elec- spectroscopy
trochemical impedance spectroscopy techniques to investigate the microstructure, surface wetting,
interactions between cellulosic materials and matrix as well as corrosion protective properties of
both composite coatings.
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Introduction
diffusion path across the coating and thus retard corrosion by

A good barrier coating is required to retard the transport of this and other mechanisms related to filler-matrix and filler-
water and corrosive species towards the metal surface. The metal interface interactions. Cellulose nanocrystals, CNC, and
addition of nanofillers could increase the tortuosity of their cellulose nanofibrils, CNF, are biobased nanofillers that have
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many advantages, including sustainable and abundant sour-
ces, low toxicity and impact on the environment.[?!

Cellulose nanocrystals (CNC) are mainly rod-like nano-
particles with dimensions of 10-20 nm in diameter and sev-
eral hundred nanometers in length.*) They are prepared by
strong acid hydrolysis from various sources such as wood
pulp, cotton, manila, tunicin and bacteria.”¥! In the acid
hydrolysis process, the noncellulose and major amorphous
components are removed, producing CNC particles with
high crystallinity and half ester sulfate group (OSO;) on
their surface. Cellulose nanofibrils (CNF) are flexible fibers
with similar or larger diameter than that of CNC and several
pm in length.m One commonly used production method is
TEMPO-mediated oxidation (2,2,6,6,-tetramethylpipelidine-
1-xoyl radical). The resulting CNF contains both amorphous
and crystalline sections, resulting in a lower crystallinity
than that of CNC and carboxylate groups are introduced
during the TEMPO oxidation step.

Both CNC and CNF are nanomaterials with excellent
mechanical properties!””~) due to the almost perfect crystal-
line structure of CNC or crystalline sections of CNF, com-
bined with intra- and inter-chain hydrogen bond networks.!*!
This has made CNC and CNF popular reinforcement agents
in polymer composite coatings.”**! In this work, a water-
based organic coating was used as the matrix and combined
with either CNC or CNF to produce composite coatings.

A few studies have reported the corrosion protection prop-
erties of CNC reinforced composite polymer coatings.!'>~*!
Ma et al. used cellulose nanocrystals as additives in epoxy res-
ins and investigated the corrosion protection performance of
60 pm thick barrier coatings using electrochemical impedance
spectroscopy (E1S).11%] They found excellent corrosion protec-
tion in 3.5wt.% NaCl for up to 30 days, and the best protective
ability was found for an additive concentration of 1.0wt.%.
The improved performance due addition of cellulose nanocrys-
tals was attributed to its ability to block pores present in the
unmodified matrix. In another study El-Fattah et al. used cellu-
lose nanocrystals in a polyurethane matrix and found
improved performance over short times for a loading of
1-4wt.% as determined by open circuit potential, EIS and salt
spray tests."* In our previous work we compared the long-
term corrosion protection performance of our matrix coating
with that of the CNC composite. Both with and without CNC
addition the coating provided corrosion protection for more
than one month in 0.1 M NaCL!"* Interestingly, with the CNC
additive we found an improved corrosion protection perform-
ance with time, whereas the typical behavior for barrier coat-
ings of decreasing protective ability with time was found for
the matrix alone.!"”!

Up to now, no studies have been performed to systemat-
ically compare the corrosion protection properties of CNC
and CNF containing barrier composite coatings, but the pre-
sent work addresses this issue. We compared the effect of
CNC and CNF on the corrosion resistance of a waterborne
hydroxyacrylate-based coating in 0.1M NaCl solution by
using electrochemical impedance spectroscopy (EIS). The
results reveal that the nanocomposite with CNC provides
good corrosion protection properties whereas that with CNF

does not. In order to understand the contributions of the
two nanocellulose additives in the composite coating, we uti-
lized scanning electron microscopy (SEM) to gain insight
into the coating morphology; water contact angle measure-
ments to investigate the surface wettability properties and
Fourier transform infrared spectroscopy (FTIR) to study
matrix-additive interactions.

Materials and method
Coating matrix

The utilized coating matrix is a waterborne hydroxyacrylate
resin with hexakis(methoxymethyl)melamine (HMMM) as
cross-linker. It was provided as a dispersion with solid con-
tent of 38+3wt.% by PTE Coatings (Gamleby, Sweden).
The pH of this resin dispersion before and after adding the
cellulose nanomaterials was 7.7 as measured at 20 °C using a
pH-meter (PHM210, meterLAB®).

Cellulose based additives

In order to form nanocomposite coatings, cellulose based addi-
tives were dispersed into the matrix. One of the additives was
cellulose nanocrystals (CNC) prepared by acid hydrolysis of
kraft pulp and neutralized by NaOH.!"® Our CNC particles
contain surface bound half ester sulfates group (OSO; ) at a
density of 0.4 charges/nm?, corresponding to a concentration of
0.14 mmol/g, as determined by conductimetric titration follow-
ing standard procedures."”'®! The width and length of our
CNC particles was about 8nm and 200nm, respectively, as
determined from AFM and scanning transmission electron
microscopy.'” 2" The density of the CNC powder is 1.5 g/cm®
and the surface/area to weight ratio is 200 m*/g."”’ The other
additive was cellulose nanofibrils (CNF) with 1.67 mmol/g of
surface bound carboxylate groups. It was prepared from
Hardwood bleached chemo-thermomechanical pulp (Aspen,
grade 325/85/100H T) by 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) catalyzed oxidation together with a mechanical defib-
rillation treatment using a Super-masscolloider (KZA10-15]J1V,
Masulo Sangyo Co. Ltd. Japan) with a 100 um gap between the
rotating disks and a rotation speed of 1500 rpm. The utilized
CNF fibers are 4-6nm wide and microns in length.*? The
detailed preparation process has been described elsewhere.*!
The utilized CNF sample is a dispersion with CNF concentra-
tion of 0.6+0.05wt.%. The concentration was measured by
heating 3 g (m,) of the CNF sample in an oven at 90°C until
the sample weight (m,) was constant (after 2-3days). The
weight concentration of the CNF in the dispersion was calcu-
lated as wt.% = m,/mg x 100% . The pH of the used CNF dis-
persion was 7.4 at 20°C measured using a pH-meter
(PHM210, meterLAB®).

Dispersion, coating and curing

Composite coatings containing 0.5wt.% cellulose additives
of total dry mass were prepared as reported for CNC in our
previous work.!"” Briefly, 0.2g of dried CNC powder was



added into 100 g of the matrix dispersion. The mixture was
magnetically stirred for 2 min at 500 rpm followed by ultra-
sonication for 2min. The stirring and ultrasonication pro-
cess was repeated four times and then the samples were
stored for 2 days in sealed glass bottles to avoid evaporation
of liquid components and allow gas introduced in the sam-
ple during mixing to evaporate. Similarly, for the composite
coating containing 0.5 wt.% cellulose nanofibrils of total dry
mass, 32g of CNF dispersion was added into 100g of the
matrix dispersion, followed by mixing and storage as
described for the composite containing CNC. Prior to appli-
cation, the dispersions were gently magnetically stirred and
ultrasonicated to redisperse any possible aggregates formed
during storage.

Cold rolled mild steel (Q-panel, DC04) provided by
Arkema was used as substrates. The pretreatment of the
substrates, as well as the coating and curing process has
been described in our previous work.!”®! In brief, the sub-
strates were ground till 1200 grit with silicon carbide
paper, cleaned with ethanol and dried in air and nitrogen
sequentially. The as-prepared substrates were coated with a
tube applicator with a gap height of 90 pm, and then cured
at 180°C for 10min in a muffle oven. During curing a
cross-linking reaction takes place between hexakis(methox-
ymethyl)melamine (HMMM) and the hydroxyacry-
late resin,!>>2*

Electrochemical impedance spectroscopy

The coated carbon steel samples were investigated by means
of electrochemical impedance spectroscopy, employing a
Multi  Autolab (Metrohm Autolab B.V. Netherlands)
equipped with the software Nova (version 1.10.2). A per-
turbation amplitude of 10mV was applied at the open cir-
cuit potential (OCP) to collect EIS spectra over the
frequency range 10°-10 >Hz in 0.1 M NaCl solution. The
exposed surface area of the samples was 1 cm?”. All measure-
ments were conducted by using a typical three-electrode cell
where a saturated Ag/AgCl electrode was used as reference
electrode with a platinum mesh as counter electrode. At
least three parallel measurements were performed for each
experimental condition. The obtained data were fitted by
using the program Zview (version 3.0a).

Scanning electron microscopy (SEM)

The morphologies of the CNC and CNF samples were
visualized by SEM, using a Hitachi model S-4800 instrument
equipped with a field emission source and operating at an
accelerating voltage of 30kV. For the sample preparation,
10 pl of the 0.01% (w/v) acid hydrolyzed cellulose nanocrys-
tals and TEMPO-oxidized cellulose dispersions were
mounted on a glow-discharged carbon-coated Cu grid. The
excess of liquid was blotted out with a filter paper and the
grid was allowed to dry at room temperature for at least
24 hours, prior to imaging. A scanning electron microscopy/
focused ion beam instrument (SEM/FIB, FEI Nova 200) was
employed for visualizing the topography and cross-section
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morphology of the composite coatings containing the nano-
cellulose materials. Prior to imaging, all the samples were
coated with a 10nm Au layer using an Edwards Auto 306
instrument (FL400/AUTO304, HHV Ltd., United Kingdom)
and placed on a SEM-specific sample stage with conductive
carbon tape. In addition, conductive carbon tape was also
used to connect the sample surfaces to the sample stage to
ensure that excess electrons from the electron gun could be
removed. The cross-section images with glass as substrate
were cut using a diamond pen, and the ones with carbon
steel as substrates were prepared by delicate mechan-
ical cutting.

Water contact angle

The wetting of the cellulose reinforced composite coatings
was investigated by water contact angle measurements using
a PGX instrument ((Paul N. Gardner Company, Inc., the
US). Water droplets of volumes 1-4 pL were dispensed on
the sample surfaces and imaged by means of a high-reso-
lution CCD camera. From these images the water contact
angle together with the droplets volume, base diameter and
height were determined as a function of time with the soft-
ware of the Pocket Goniometer® Program version 2.2.

Fourier-transform infrared spectroscopy

Infrared spectra of CNC, CNF, matrix and composite coat-
ings were recorded by a Fourier-transform infrared spectros-
copy instrument (FTIR, TENSOR 37, Bruker Optik GmbH,
Germany). To prepare powder samples, small amount of
CNC powder and CNF dispersion were dried in oven at
60°C for three days. The spectra for powder samples (CNC
and CNF) were measured by using the Attenuated Total
Reflection (ATR) technique; while the spectra for the rest of
the samples were obtained by Infrared Reflection-
Absorption Spectroscopy (IRRAS). All measurements were
performed over the wavenumber range 4000-700 cm ™ with
a resolution of 4.0cm™". Air was used as background for
the powder samples, while for coatings the background was
uncoated carbon steel. The spectra were collected and ana-
lyzed by means of the software of OPUS 7.5 (copyright©
Bruker Optik GmbH 2014).

Results and discussions
Corrosion protection performance and water uptake

The long-term corrosion protection performance of the
CNC composite coating has been compared with that of the
matrix coating in our previous work."* In this manuscript
we focus on the difference between composite coatings con-
taining CNC and CNF, and elucidates why CNC additives
result in good performance while CNF additives result in
poor corrosion protection. The barrier properties, i.e. the
ability of the coating to retard transport of water and corro-
sive species to the metal interface and thus reduce the corro-
sion rate, of the composite coatings were evaluated by
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means of EIS. For the sake of clarity only one set of experi-
mental data for each sample are shown here, but other sets
of data are provided in the supplementary information.

The OCP value for uncoated carbon steel is —0.56 V (vs.
Sat. Ag/AgCl) measured after 5 min exposure to 0.1 M NaCl
solution, and decreases to —0.68V (vs. Sat. Ag/AgCl) after
6hours. The EIS spectra for uncoated carbon steel are
shown in Figure la and b. They have an impedance modu-
lus at the order of 10’ Q-cm” and one time constant. The
EIS spectra of carbon steel protected with the CNC rein-
forced composite coating, shown in Figure 1c and d, display

high impedance modulus at the level of 10° Q-cm® at the
lowest frequency and one time constant. The open circuit
potential, OCP, value remains close to zero throughout the
experiment (Table 1). Together, these findings suggest good
barrier properties.

In contrast, EIS spectra of carbon steel samples covered
by the CNF reinforced composite coating, Figure le and f,
show significantly lower impedance modulus at the lowest
frequency and two time constants. Further, the OCP values
(Table 1) for these samples are close to that for bare carbon
steel (below —0.5V vs. Sat. Ag/AgCl). Clearly, the data for
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Figure 1. Bode plots of EIS spectra of (a, b) bare carbon steel; (c, d) carbon steel protected by a CNC reinforced composite coating, and (e, f) carbon steel coated

with a CNF reinforced composite. The lines are fitted spectra.
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Table 1. Open circuit potential (OCP) of composite coatings and bare car-
bon steel.
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Table 2. Data of resistive properties for the composite coatings and bare car-
bon steel extracted by fitting EIS spectra.

Time (hours) OCP (V vs. Saturated Ag/AgCl)  Time (hours) Ry (Q cm?) R, (Q cm?) R, (Q cm?)
Composite with 0.5wt% CNC Composite with 0.5wt% CNC
24 —0.06+0.18 ~24 — — 22402 x 108
72 0.06 +0.07 ~72 — — 6.3+0.4 x 108
~148 0.03+0.10 ~148 — — 84+05x 10°
Composite with 0.5 wt% CNF Composite with 0.5 wt% CNF
05 —0.44+0.08 05 45+55x 10° 1.0+1.0 x 107 1.5+1.6x 10
1 —042+0.11 1 25+25 % 10° 7657 x 10° 1.0£0.8 x 10
2 —0.38+0.14 2 9.9+3.5x 10° 56+4.0x 10° 6.6+4.4x10°
24 —0.29+0.06 24 3.0+03 x 10° 57+4.2 % 10° 6.0+4.2 x 10°
Bare carbon steel Bare carbon steel
0.1 —0.56 0.1 — — 2500
4 —0.63 4 — — 1900
6 —0.68 6 — — 5700
2b to be most appropriate for fitting the EIS spectra for the
o E EE composite coating containing CNF. EIS spectra of carbon
IRI steel were also fitted using the equivalent circuit in Figure
P 2a as suitable for a homogenous metal oxide layer. The fit-
(a) ting results are shown in Figure la-f. Fitting results for
Re CPE1 other parallel samples of CNF composite coatings can be
s found in the supporting information.
R1 CPE2 In the equivalent circuits, R. represents the electrolyte
resistance between the reference electrode and the working
R2 electrode (the coated carbon steel sample). CPE is a constant
(b) phase element representing the non-ideal capacitive response
of the composite coating layer. The definition of CPE is
_1
Re CPE1 CPE2 Zor ="/ [Yo(j)"] ()
R1 R2 in which Y, is a constant, n (0 <n<1) is a factor that indi-

(c)

Figure 2. Equivalent circuits used for fitting of EIS spectra with one time con-
stant (a) and with two time constants (b, c).

the CNF containing composite suggest coating failure and
ongoing electrochemical processes at the metal/coating inter-
face. Indeed, corrosion products could be observed on cer-
tain locations at the termination of measurement for these
samples. The formed corrosion products can be responsible
for the slight increase of the OCP value over time, as shown
in Table 1.

In order to quantitatively analyze the barrier performance
of the composite coatings, equivalent circuits were fitted to
the measured EIS spectra. When one time constant was
observed, as for the CNC composite coating, the equivalent
circuit shown in Figure 2a was used as appropriate for a
homogenous barrier layer. In contrast, for situations where
two time constants were observed, both equivalent circuit 2b
and 2¢ could provide satisfactory match to the experimental
data. Equivalent circuit 2b represents a barrier layer with
pore defects combined with an electrical double-layer at the
coating-metal interface, whereas equivalent circuit 2c repre-
sents two parallel and homogeneous layers. As will be
shown below, the CNF reinforced composite coating con-
tains some voids, which could act as short paths for electro-
lyte penetration towards the substrate and later lead to
localized corrosion. Therefore, by considering the micro-
structure of the studied sample, we judge equivalent circuit

cates the homogeneity of the surface or interface.* Y, rep-
resents a pure resistor if n=0, while it represents a pure
capacitor if n=1. In Figure 2b and ¢, CPEl represents the
CNF reinforced composite coating and CPE, the electrical
double layer formed between the composite and metal sur-
face due to electrolyte penetration. R; is the coating resist-
ance and R, is the charge transfer resistance for charged
species passing through the above mentioned electrical dou-
ble layer.
The polarization resistance is defined as:

R, =lim|Z| — lim |Z| (2)
P f—0 f—oo

which is independent of the equivalent circuits used for
spectra fitting. Thus, a visual inspection of Figure 1 is suffi-
cient for concluding that the polarization resistance is more
than an order of magnitude higher for the composite con-
taining CNC than for that containing CNF. For the CNC
reinforced composite coating R, is dominated by the coating
resistance, while for the CNF reinforced composite coating
R, is affected by both the coating resistance and charge
transfer resistance due to the similar value of R; and R, (see
Table 2).

The corrosion resistance of the composite coatings was
compared by utilizing the fitting parameter R,,. The results
for bare carbon steel and CNC reinforced composite coating
are shown in Table 2. The Rp-value for bare carbon steel is
as expected very low, a few kQ-cm”. It increased somewhat
after 6 hours owing to accumulation of corrosion products
on the surface. For the composite coating containing CNC,
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Table 3. Values of Y, and n for carbon steel protected by the compos-
ite coatings.

Time (hours) Yo (" em™2s") n
Composite with 0.5 wt% CNC
~24 66+29x10"° 0.96 +0.03
~72 7.2+3.0x%x 10710 0.94 +0.03
~148 57+1.0x107"° 0.97 +0.01
Composite with 0.5 wt% CNF
0.5 13+04x10°° 0.96 +0.00
1 14+04x107° 0.96+0.01
2 14+04x107° 0.96 +0.01
24 20404 x107° 0.96 +0.02

at the beginning of exposure the R,-value is 2.2+0.2 x 10°
Q-cm”, and it remains at a similar level at the end of the
one-week exposure. The OCP value also remains stable and
significantly larger than for bare carbon steel as shown in
Table 1. These observations demonstrate stable barrier per-
formance. As reported previously, both R, and OCP pre-
sented good long-term stability during exposure to 0.1 M
NaCl solution for 35days.!"® The R,-values for the CNF
reinforced composite coating are shown in Table 2. It shows
that the measured polarization resistance is at the level of
107 Q-cm? It gradually decreases with time and after one
day it has decreased by more than a factor of 2. The OCP
values are correspondingly close to that of uncoated carbon
steel. The slight increase of the OCP value over time could
be attributed to the formation of corrosion products at
defect sites. Clearly, the CNF reinforced composite coating
cannot provide barrier protection for carbon steel.

The water uptake of the barrier coating is another
important factor for its protective performance. This aspect
can be investigated by measuring the coating capacitance.
By definition

A
&0y (3)
in which ¢ is the relative dielectric constant of the coating
while ¢ is the permittivity of vacuum, A is the exposed sur-
face area (1cm?), and d is the thickness of the coating
(20 pm). For an organic coating ¢ is in the range of 4-8,
while for water it is approximately 80 at 20°C. Due to this
large difference in dielectric constant, the coating capaci-
tance will increase when water is absorbed.

In the utilized equivalent circuits, CPE can be seen as a
non-ideal capacitance (the exponent # is close to one), and
the conversion between Y, of the constant phase element
and the capacitance C is provided in Eq. 4.1%¢!

C =

C= YO (w/rimx) " (4)

Here, /. is the frequency corresponding to the max-

imum of the imaginary part of the impedance. In this work,
we used Y, to assess the water uptake since the value of n is
close to 1 and thus Y, is close to C. For this aim, Y, was
extracted by fitting only the linear part of the Bode modulus
vs frequency (log-log) plot at high frequencies (Figure 1).
This was judged to be most appropriate since two different
equivalent circuits were needed for analyzing the data.

The fitted Y,-values for both composite coatings are
shown in Table 3. The value of Y, for the CNC reinforced
composite coating is close to constant during the one week

exposure, and a similar result was found for the matrix coat-
ing without cellulose additives."®! In contrast, the Y,-value
increases over time for the CNF containing composite coat-
ings. This shows that the water up-take of the CNC rein-
forced composite coating is very limited while the CNF
reinforced composite coating cannot effectively inhibit water
penetration. The difference in water absorption of these two
composite coatings contribute to the difference in R-value
since water penetration facilitates the transport of corrosive
species from the electrolyte to the metal surface.

Top surface morphology

Figure 3a and b shows the morphologies of the CNC par-
ticles and CNF used in this work. The top surface morphol-
ogies of the two nanocomposite materials as visualized by
SEM are reported in Figure 3c-f. Figure 3c suggests that the
surface of the CNC reinforced composite is flat with homo-
geneously distributed particles on the surface. These particles
might be CNC aggregates with diameters less than one
micrometer. Also at higher magnification, Figure 3d, the
surface appears homogeneous without any voids. In con-
trast, the surface of the CNF reinforced composite coating
(Figure 3e and f) contains defects, which could facilitate the
penetration of water and corrosive species, resulting in poor
barrier performance. The CNF distribution on the surface
appears relatively homogeneous, but some aggregates with a
size of several micrometers can be observed.

Cross-section images

Figure 4a-b show that the thickness of both composite coat-
ings was around 20 um. The magnetic properties of carbon
steel limit the achievable magnification in our SEM, as dis-
cussed previously."®! For that reason, we prepared coatings
on glass substrates in order to visualize the cross-section
morphology of the composite coatings with as much struc-
tural information as possible. The bulk microstructure of
CNC and CNF reinforced composite coatings are illustrated
in Figure 4c-f in such cross-section images.

The local magnified images of the CNC reinforced com-
posite coating in Figure 4d reveals a dense structure, which
is favorable for a good barrier coating. In contrast, for the
CNF reinforced composite coating in Figure 4f, some voids
with diameters below 150nm are observed, reducing the
protective properties of the barrier coating. The long CNF
fibrils and their high flexibility facilitate the formation of
bridging nanofibrils and entanglements,'””**! which appears
to result in voids in both topography and cross-section
images. However, it cannot be excluded that some of these
defects have been created during the cutting process where
the presence of CNF aggregates has resulted in high
local stresses.

The differences in bulk microstructure of the two nano-
composites is consistent with the better corrosion protection
performance of the CNC reinforced composite coating com-
pared to that of the composite with CNF.
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Figure 3. Scanning electron microscopy (SEM) topography images of the surface of (a, b) CNC and CNF; (c, d) CNC reinforced composite coatings and (c, d) CNF

reinforced composite coating.

Water contact angle

Changes in water contact angles with time can be due to water
evaporation, water penetration and reorientation of surface
groups.??! In order to assess the relative importance of these
effects on our nanocomposite coatings we compared the time
dependence of the water contact angle on these surfaces with
that on a glass surface silanated with (3, 3-dimethylbutyl)di-
methylchlorosilane where no water penetration or reorienta-
tion of surface groups are operative. The water contact angle
on a freshly prepared carbon steel sample was below 10°. The
initial water contact angle of the CNC reinforced composite
coating is similar to that of the matrix coating,'*) whereas a

slightly lower contact angle is observed on the coating con-
taining CNF (Figure 5a), suggesting the presence of a larger
number density of hydrophilic groups on the CNF-containing
nanocomposite surface.

The contact angle decreases slightly with time on all three
surfaces, and more so on the nanocomposite coatings than
on silanated silica. On the silanated silica surface no water
penetration into the surface is possible, and the silane
monolayer is covalently attached and contains only non-
polar groups so the effect of reorientation of polar groups
can also be ignored. Thus, the main reason for the decrease
in contact angle in this case is evaporation of water from a



8 Y. HE ET AL.

(a)

Figure 4. SEM cross-section images of (a) CNC reinforced composite coating on carbon steel and (b) CNF reinforced composite coating on carbon steel; (c, d) CNC
reinforced composite coating on glass and (e, f) CNF reinforced composite coating on glass.

pinned water droplet, as confirmed by the observation that
the base diameter remains constant (Figure 5b). In Figure 5¢
we show the change in water droplet volume, AV, normal-
ized by the water-air interfacial area, A, for the droplet rest-
ing on the silanated surface. This quantity should to a first
approximation be independent of the droplet size since
evaporation occurs similarly over the air-water interface
area, and we find no size dependence over the droplet sizes
(=~1-4pL) used in our experiments. The spread in the data

rather arises from uncertainties in the measurements of the
base diameter and droplet height.

The water droplet resting on the nanocomposite coatings
are also pinned (Figure 5b), and the quantity AV/A is simi-
lar to what was found on silanated glass (Figure 5c). This
implies that the major reason for the decrease in contact
angle with time also on the nanocomposite surface is water
evaporation. However, there is a hint of larger change in
AV/A on the nanocomposite coatings so some water
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Figure 5. (a) Water contact angle, (b) water droplet baseline diameter d nor-
malized by dO, the base diameter at t =155, (c) Change in droplet volume, AV,
normalized by the air-water surface area, A, of the droplet. Measurements were
carried out on composite coatings with 0.5 wt.% CNF (black squares); composite
coatings with 0.5wt.% CNC (red circles); and glass surfaces silanated with (3,3-
dimethylbutyl)dimethylchlorosilane (blue triangles). Time zero is defined as the
moment the droplet was placed on the surface.

penetration into the coating surface cannot be excluded. We
see no difference between nanocomposite coatings contain-
ing CNF and CNC in this respect. Thus, on short time
scales the water penetration rate is similar, whereas on a
longer time scale EIS data show larger water penetration
into the composite coating containing CNF (Tables 3).

FTIR

The FTIR absorbance spectra of CNC and CNF are dis-
played in Figure 6a, and the corresponding spectra for the
matrix coating and the two composite coatings are shown in
Figure 6b. The detailed band assignment for CNC and the
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Figure 6. FTIR spectra of (a) CNC (black) and CNF (red), (b) matrix coating
(green), CNF reinforced composite coating (dark cyan) and CNC reinforced com-
posite coating (brown).

. . . . 15,23
matrix coating can be found in our previous works.!'>**!

The band at 1600 cm ™" has been found also for other cellu-
lose materials and been interpreted as being due to water!*”!
or the combination of water and carbonyl vibrations.!**!

Here we focus on discussing the differences between the
two composite coatings with the aim to connect them to
their corrosion protection properties. The interesting differ-
ence is that a new weak band located at 3130cm ™' only
appeared in the spectrum of the CNC reinforced composite
coating (marked 1 Figure 6). As discussed previously,!"” the
band located at 3130cm ™' is indexed to strong hydrogen
bonding interactions between CNC and matrix coating.
Thus, the FTIR spectra show evidence for strong interac-
tions between CNC and the matrix coating, but no such fea-
tures can be observed for CNF in the matrix coating. The
band at 1600 cm ™' found for CNF (Figure 6a) appears to be
present also in the CNF containing composite (Figure 6b,
region 2), but it is not very pronounced due the presence of
other bands at similar wavenumbers.

Conclusions

By using electrochemical impedance spectroscopy, the polar-
ization resistance and water uptake of composite coatings
reinforced by CNC, or, alternatively, by CNF were
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investigated. The results show that the CNC reinforced com-
posite coating is a good barrier coating with high and stable
polarization resistance and open circuit potential and no or
very limited water absorption during the time of exposure.
In contrast, the CNF reinforced composite coating shows
one order of magnitude lower polarization resistance, which
rapidly decreases with time. Thus, the CNF reinforced com-
posite coating cannot provide good barrier performance
even for a limited amount of time. Consistently, the effect of
water penetration in the CNF composite coating is readily
observed in the EIS spectra.

There are several reasons for this difference in corrosion
protection performance. First, SEM images illustrate that
the CNF reinforced composite coating has voids both on
the surface and in bulk due to high aspect ratio and
entanglement of cellulose fibrils, while the CNC reinforced
composite coating shows a dense and homogeneous micro-
structure both in topography and cross-section images.
Second, and presumably of less importance, the water con-
tact angle on the composite coating containing CNF is
slightly lower than that on the composite coating contain-
ing CNC, indicating that the former composite has a
slightly more hydrophilic surface due to higher additive
concentration at the top surface layer. Third, FTIR reveals
that strong hydrogen bonding between matrix and nanofil-
ler is only observed for the CNC reinforced coating. All
these features combine to contribute to the vastly different
protective properties of the composite coating reinforced by
CNC as compared to that of the coating with CNF. In add-
ition to this we also note the higher degree of crystallinity
of CNC compared to CNF and the higher surface density
of introduced polar groups on our CNF compared to our
CNC. Here the higher surface density of introduced polar
groups on CNF and particularly the amorphous regions of
CNF could facilitate interactions with and transport of
water through the coating and this would be a drawback in
a corrosion protection application. We also note that the
better corrosion protection performance of the CNC con-
taining composite does not mean that CNC necessarily per-
forms better than CNF for mechanical reinforcement, and
indeed often the reverse is observed.’*®! Rather, a good cor-
rosion protection performance requires prevention of diffu-
sion of water and ions through the coating, and here even
limited aggregation due to the high aspect ratio of CNF
appears to be detrimental. This work extends the know-
ledge of nanocellulose reinforced composite barrier coatings
for corrosion protection of metals.
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