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In this study, the electrophoretic deposition of chitosan films doped with Nd2Ti2O7 nanoparticles was carried out as corrosion
protection systems for exposed materials in aqueous environments rich in chlorides. Completely crystalline Nd2Ti2O7
nanoparticles with an average size of 100-200 nm were obtained. Electrophoretic deposition of chitosan films with Nd2Ti2O7
nanoparticles was possible. With a working voltage of 5V and 20 minutes of deposition, homogenous chitosan films with a
thickness of 4 microns were obtained. According to the FT-IR (Fourier transform infrared spectroscopy), Raman, and XRD
(X-ray diffraction) analyses, it was observed that the presence of the nanoparticles modified the properties of the chitosan films,
that is, their crystallinity was increased and their moisture absorption capacity was reduced. These modifications caused a better
performance against the corrosion of chitosan films deposited on 1018 carbon steel. Its electrochemical evaluation showed that
the chitosan films perform as cathodic coatings by affecting the oxygen reduction reaction. This was possible due to the barrier
effect of the Nd2Ti2O7 nanoparticles, by blocking the effective area for the diffusion of the aggressive electrolyte species.

1. Introduction

It is known that the main objective of organic coatings as
protective systems against corrosion is to prevent or mitigate
the attack of the substrate by the aggressive anions present
in the electrolyte [1, 2]. Due to this, the integrity of the
coating used as a protective system against corrosion is
fundamental. One way to achieve this goal is to strengthen
the structure of the protective film by using healing agents,
crosslinking agents, and incorporation of corrosion inhibi-
tors or inert particles that block the diffusion of aggressive

anions and also improve the adhesion of the coating towards
the substrate [1–11].

Today, protective systems based on environmentally
friendly coatings have found great interest in the scientific
community. In this sense, due to its excellent properties such
as biocompatibility, antimicrobial activity, biodegradability,
and its ability to form stable films, chitosan emerges as an
alternative for both the formulation and development of pro-
tective films that reduce the degradation of materials [4, 5]. In
general, chitosan is the result of the deacetylation of chitin
and is a compound of low toxicity and is biodegradable and
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insoluble in water; its solubility is possible in diluted
aqueous solutions due to the protonation of its amine
group [3, 12]. Its applications are very diverse and range from
medicine, articles for beauty (cosmetics), and the food indus-
try among others.

Chitosan films are natural organic polymers with high
chelating capacity towards metal surfaces due to the high
charge density existing in the polymer ion which leads to
chelation with the metal ion. The presence of both amino
and hydroxyl groups in the molecular structure of chito-
san is responsible for the ionic interactions with a metal
surface [12–15].

The improvement of the protective properties of
organic coatings can be achieved through either incorpora-
tion or codeposition of nanometric fillers which can
enhance their barrier properties [3]. The chitosan can be
easily dissolved in dilute acetic acid, and during the disso-
lution process, its amine groups are protonated resulting
in a polyelectrolyte-type solution [5, 16–18]. It is for this
reason that chitosan films can be easily deposited by simply
applying it in solution on a metal surface and removing its
moisture by evaporation.

However, it has been found that electrophoretic deposi-
tion of chitosan yields films with better protective properties
[6, 18]. During the electrophoretic deposition process,
macromolecules with high density of positive charge such
as chitosan (due to its amine groups) move toward a sub-
strate (cathode) under the influence of an electric field and
are precipitated on its surface [18–20]. The precipitation of
the chitosan films is due to the neutralization of their proton-
ated groups by the charge transfer of the OH anions gener-
ated electrochemically on the cathode surface [20].

However, because chitosan coatings have a high water
absorption capacity, this limits their protective capacity
against corrosion. That is why in this study the barrier prop-
erties of the chitosan films are increased by the codeposition
of neodymium titanate nanoparticles (Nd2Ti2O7), where the
high activity of its functional groups (amine and OH) will
favor the codeposition of the nanoparticles. Nd2Ti2O7 is a
perovskite-type oxide with high chemical resistance and sta-
ble at elevated temperatures; in addition, due to its high con-
centration of anions and cations, this type of mixed oxides
possesses a high density of active sites available to interact
with chitosan functional groups. That is why its codeposition
can help to increase the protective capacity against corrosion
of chitosan films. The chitosan films were deposited by
electrophoretic deposition on 1018 carbon steel substrates,
and their protective capacity against corrosion was evalu-
ated by electrochemical techniques in a saline solution at
room temperature.

2. Experimental Procedure

2.1. Synthesis of the Nanoparticles. Figure 1 details the process
for obtaining the precursor gel of the Nd2Ti2O7 nanoparti-
cles. Due to the high reactivity of titanium tetraisopropoxide
(TTIP), in this process, no water was used for the synthesis of
the precursor gel of the nanoparticles; a similar process has
been reported in the literature [21].

The synthesis process was carried out in the following
way: 2 moles of ethylene glycol (C2H6O2) was added and
0.4 moles of TTIP (C12H28O4Ti) was added; until its com-
plete dissolution assisted by magnetic stirring, subsequently,
0.4 moles of neodymium nitrate (Nd[NO3]3·6H2O) was
added. The mixture was held under stirring for 2 hours.
Subsequently, 0.8 moles of anhydrous citric acid (C6H8O7)
was added until completely dissolved. The polymer resin
obtained was stirred for 12 hours at 60°C to promote the
polymerization and slow removal of solvents until a highly
viscous transparent solution was obtained. The gel was
characterized by thermogravimetry and differential thermal
analysis (TG/DTA). The gel was transferred to a quartz
crucible and subjected to a precalcination treatment in an
electric oven for 2 hours at 200°C and finally calcined at
1000°C for 24 hours in static air (this condition was estab-
lished based on the TGA-DTA analysis). The compound
obtained after calcination was characterized by XRD and
scanning electron microscopy (SEM).

2.2. Electrophoretic Deposition. 1018 carbon steel samples
(10 ∗ 10mm) were used as a cathode and a graphite rod
(diameter 4 cm) was used as an anode. The anode-cathode
separation was 10mm. The carbon steel samples were sub-
jected to a process of roughing their surface with abrasive
paper from grain 120 to grain 600, and later they were
washed with distilled water and ethanol and used immedi-
ately in the deposition process. To prepare the chitosan solu-
tions, chitosan with a degree of deacetylation of 85% and
molecular weight less than 190 kDa was used. The chitosan
was dissolved in a 1% acetic acid solution with constant
stirring for 24 hours. In the case of chitosan solutions with
nanoparticles, these were added to the chitosan solution,
allowing their dispersion with constant agitation for 24 hours
and then the solution was left to rest for 24 hours before
being used in the electrophoretic deposition process. The
electrophoretic deposition of the chitosan films was done
using an ethanol-chitosan solution mixture, where the
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Figure 1: Scheme of the synthesis of Nd2Ti2O7 nanoparticles.
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percentage of chitosan solution was 17% (v/v). The chitosan
solution was prepared by dissolving 0.5 grams of chitosan
in one liter of 1% (v/v) acetic acid solution. Based on previous
tests, it was established to carry out the film deposition by
applying a voltage of 5V at different deposition times. Higher
concentrations of chitosan, as well as larger deposition volt-
ages, provoke surface defects due to the accumulation of H2.

Under these deposition conditions, chitosan films doped
with nanoparticles were deposited at different concentrations
(0, 100, 500, and 1000 ppm). In all cases, once the chitosan
films were deposited, they were allowed to dry at room tem-
perature for 24 hours before any subsequent analysis or use.
The films deposited were characterized by FT-IR, Raman,
DRX, and SEM.

2.3. Electrochemical Evaluation of Chitosan Films. The depos-
ited chitosan films were evaluated in their state as deposited
without any additional treatment. As a corrosive medium, a
3.5% (by weight) NaCl solution was used at room tempera-
ture under nonaerated conditions.
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Figure 2: TGA-DTA analysis of the nanoparticle precursor gel (heating rate 5°C/min in air).
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Figure 3: XRD pattern of the Nd2Ti2O7 nanoparticles.
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Figure 4: FT-IR spectrum of the Nd2Ti2O7 nanoparticles.
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Figure 5: FT-IR spectra of chitosan films doped with nanoparticles.
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The electrochemical evaluation was carried out in a
three-electrode electrochemical cell using the samples coated
with the chitosan films as working electrodes, a saturated
calomel electrode as a reference electrode, and a graphite
bar, with an area greater than that of the working elec-
trode, as counter-electrode. The electrochemical techniques
used were potentiodynamic polarization curves, open circuit
potential (OCP) measurements, linear polarization resis-
tance (LPR) measurements, and electrochemical impedance
spectroscopy (EIS).

Potentiodynamic polarization curves were obtained by
polarizing the working electrode from -400 to 1000mV with
respect to its corrosion potential at a scanning rate of 1mV/s.
OCP measurements were carried out by recording the poten-
tial of the working electrode with respect to the reference
electrode at one hour intervals. For LPR measurements, the

working electrode was polarized ±10mV with respect to its
open circuit potential at a speed of 0.1667mV/s, and the
value of the polarization resistance Rp was determined
from the slope of the ratio current potential obtained. The
measurements were made at one hour intervals. EIS spectra
were obtained by applying an amplitude perturbation of
10mV with respect to the open circuit potential of the work-
ing electrode in a frequency range of 100 kHz to 0.01Hz.

OCP, LPR, and EIS measurements were performed for 24
hours. In all cases, before starting any measurement, the elec-
trochemical cell was allowed to stabilize for 15 minutes. The
potentiodynamic polarization curves were obtained with a
Gill AC potentiostat/galvanostat from ACM Instruments
and the OCP, LPR, and EIS measurements in an Interphase
1000 potentiostat/galvanostat/ZRA analyzer from Gamry.
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Figure 6: Evolution of the Raman spectra of doped chitosan films with different concentrations of nanoparticles.
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Figure 7: DRX pattern of chitosan films doped with Nd2Ti2O7
nanoparticles.
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Figure 8: Polarization curves for 1018 carbon steel bare and coated
with chitosan doped with nanoparticles.
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3. Results and Discussion

3.1. Synthesis of Nd2Ti2O7 Nanoparticles. Figure 2 shows the
thermal behavior of the precursor gel of Nd2Ti2O7 nanoparti-
cles. It is known that during the thermal treatment of the gel,
both the nitrates and the complexing elements (citric acid)
and gelling agents (ethylene glycol) behave as “oxidants”
and “fuels” which produce the “ashes” containing the desired
compound. Exothermic processes are associated with the
decomposition of nitrates and the oxidation of organic com-
pounds. The release of gases (NO2, H2O, and CO2) favors
the product disaggregation, increasing its porosity and the
dissipation of heat, inhibiting its sintering, and forming very
fine particles [22].

From the TGA-DTA curves, the occurrence of three
main decomposition events can be observed from room tem-
perature to 530°C. The first of these is an endothermic event
at 140°C associated with a mass loss of approximately 60%.
This event corresponds to the greatest loss of mass and can
be attributed mainly to the decomposition of ethylene glycol
present in excess and to the dehydration of moisture tightly
bound to the complexes [23]. The second one is an exother-
mic event at 330°C associated with an additional mass loss of
approximately 25%. This event can be associated with the
separation of the ethylene glycol bound as an adduct and as
an ester, in addition to the decarboxylation of the COOH
groups (existing or formed as a result of the deesterification)
[23]. The third one is the main exothermic event at 495°C
associated with an additional mass loss of approximately
10%. This event can be associated to the pyrolysis and com-
bustion of the organic skeleton where one of the reaction
products is residual carbon and amorphous oxycarbonates
of the bimetallic system (possibly Nd2Ti2O5(CO3)2) [23]. It
is indicated that due to the formation of these intermediate
compounds, higher temperatures are required to obtain the
final product [23–25]. Generally, these large exothermic
peaks overlap endothermic processes such as decomposition
of carboxylic groups, carbonates, and nitrates [26]. Despite
the presence of these main events, it is possible to distinguish
a small exothermic event at 815°C associated with a small
mass loss of 0.2%. This event has been associated with the
decomposition of mixed oxycarbonates that give rise to the
desired final product [21, 23, 25].

Based on this analysis and in order to guarantee the com-
plete elimination of intermediate reaction products and the
crystallinity of the nanoparticles, a calcination temperature
of 1000°C was chosen for the Nd2Ti2O7 synthesis. Similar
temperature conditions have been reported in the literature
for rare earth titanates [22].

Figure 3 shows the X-ray diffraction pattern of the neo-
dymium titanate synthesized after heat treatment of the pre-
cursor gel in air at 1000°C for 24 hours. According to the
spectrum, it can be confirmed that all the peaks are attributed
to the Nd2Ti2O7 phase, confirming the excellent crystallinity
of the nanoparticles [21, 27, 28].

It should be noted that, if the stoichiometry is not
respected (due to the hydrolysis of titanium isopropoxide),
the appearance of peaks attributed to TiO and Nd2O3, in
addition to the Nd2Ti2O7 lines, would be observed. The peaks
show a unique orientation (00l). The interreticular distances
d00l coincide with the reference data JCPDS #33-0942 corre-
sponding to the Nd2Ti2O7 monoclinic [28, 29]. It has been
reported that Nd2Ti2O7 has a thermodynamically stable
stratified perovskite structure [30].

Figure 4 shows the FT-IR spectrum of the Nd2Ti2O7
nanoparticles. The spectrum shows the main spectral bands
corresponding to the different vibrations Ti-O and Nd-O in
the frequency region of interest 500-1000 cm-1. The stretching
vibrations of the Ti-O bond are located in the regions of
1087-695 and 625-310 cm-1, and the band around 760 cm-1

corresponds to the TiO4 tetrahedron, and the stretching
vibrations of the Nd-O bond are located around 644 cm-1

and 510 cm-1 [31].

Table 1: Electrochemical parameters from polarization curves.

1018 carbon steel Ecorr (mV) βa (mV/Dec) -βc (mV/Dec) Icorr (μA/cm
2)

Bare -529 (±5) 71 (±5) 748 (±5) 36.5 (±3)
Chitosan coating (0 ppm) -749 (±3) 215 (±6) 245 (±4) 14.1 (±2)
Chitosan coating(100 ppm) -743 (±3) 141 (±5) 230 (±3) 18.8 (±2)
Chitosan coating (500 ppm) -778 (±4) 106 (±3) 219 (±5) 13.6 (±1)
Chitosan coating (1000 ppm) -765 (±4) 111 (±4) 191 (±5) 19.0 (±1)
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Figure 9: OCP values for 1018 carbon steel bare and coated with
chitosan doped with nanoparticles.
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Figure S1 shows the morphological aspects of the
Nd2Ti2O7 nanoparticles synthesized. According to the
micrographs, it is observed that the nanoparticles have an
elongated shape close to an ellipsoidal shape with an average
size of 100-200nm.

3.2. Coating Deposition. Figure S2 shows the results of the
effect of nanoparticle concentration on the thickness of the
chitosan films deposited at 5V as a function of time. It was
observed that at deposition times greater than 20 minutes,
the thickness of the chitosan films tends to decrease when
increasing the nanoparticle concentration, and at a time of
20 minutes or less, the thicknesses obtained are similar.
This indicates that the presence of nanoparticles, especially
at high concentrations, acts as a barrier to the efficient
deposition of chitosan. Furthermore, at large deposition
times, the presence of surface defects due to the formation
of trapped hydrogen bubbles increases. Therefore, a
deposition voltage of 5V and a deposition time of 20
minutes were established as an optimum condition for the
deposition of chitosan films doped with nanoparticles.
With these working conditions, it was possible to obtain
chitosan films with similar thicknesses (≈4 microns)
independently of the nanoparticle load (Figure S3).

3.3. Characterization of Chitosan Films. Figure 5 shows the
FT-IR spectra of the chitosan films as a function of the con-
centration of nanoparticles. The FT-IR spectra of the chito-
san films are a compilation of the different absorption
bands that represent the different functional groups that
comprise it. In all cases, it is observed that the spectra are
characterized by the presence of wide broad bands, which
indicates the superposition or combination of characteristic
bands of functional groups.

FT-IR spectrum of the undoped chitosan film is char-
acterized by [10, 14, 15, 32–38] a band at 670 cm-1 attrib-
uted to an out-of-plane flexion of the hydroxyl γ(OH.....O)
involved in hydrogen bridges and a band around

1000 cm-1 due to the structure of the polysaccharide in addi-
tion to the glycosidic stretching bonds C-O and C-O-C
(897-1150cm-1) that occur between the repetitive units of
chitosan. The wide band located between 1300-2200 cm-1 is
attributed to an overlap of signals such as the vibrations of
amide I (1650-1665cm-1) and amide II (1550-1590 cm-1), the
flexions of CH2 (1425 cm-1) and CH (1381 cm-1), the bending
vibrations of water molecules (1640 cm-1), the C-N axial
stretch (1420 cm-1), and the N-H angular deformation
(1380 cm-1). The presence of water affects the previous stretch
bands [36]. A second intense and wide band between 2800 and
3600 cm-1 is attributed to the axial stretching to both O-H,
N-H (3450 cm-1), and C-H (2850-2920cm-1) of the CH2 and
CH3 groups, as well as to the stretching vibrations of physi-
sorbed water molecules (3400 cm-1).

The FT-IR spectrum of the chitosan films doped with
100 ppm of Nd2Ti2O7 shows the same signals as those
observed in the undoped chitosan film. The only difference
is observed in the signals above 2800 cm-1, that is to say,
now the intense and wide band between 2800 and
3600 cm-1 is occupied by a well-defined signal in 2880 and
2910 cm-1 and a wide band between 3300 and 3500 cm-1

(3300, 3380, and 3455 cm-1), where the signal observed
at 2880 and 2910 cm-1 is associated with the stretching
vibration of the pyranoid ring (νCH2, νCH3), and the sig-
nals observed at 3300, 3380, and 3455 cm-1 correspond to
the axial stretching of the O-H bonds of the hydrogen
bonds and N-H. The FT-IR spectrum of the chitosan
films doped with 500 and 1000ppm of Nd2Ti2O7 shows
the same signals as those observed in the chitosan film
with 100 ppm of nanoparticles. The only appreciable dif-
ference is the wide and pronounced band observed
between 650 and 1000 cm-1, where this signal is associated
with the structure of the polysaccharide (pyranoid ring).
Due to the low concentration of nanoparticles, the FT-IR
spectra do not show the characteristic bands of Nd2Ti2O7
or they are overlapping with the characteristic bands of
the chitosan.
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Figure 10: Variation in polarization resistance values for 1018 carbon steel bare and coated with chitosan doped with nanoparticles.
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From the analysis of the FT-IR spectra, it can be inferred
that the chitosan films showed a high tendency to adsorb
moisture, but with the addition of the nanoparticles, this
decreases. This suggests an increase in the crystallinity of
the chitosan films, because the amino group of chitosan
forms a complex with the cationic part of the nanoparticles,
as well as hydrogen bridges with its anionic part (hydroxyl
or amino groups of chitosan) [39].

In Figure 6, the Raman spectra of the chitosan films are
shown as a function of the concentration of nanoparticles
added. The Raman spectrum of the chitosan film is charac-
terized by [10, 15, 33, 40] a small broad band between 300
and 600 cm-1 attributed to the out-of-plane flexions of the
OH groups and pyranoid ring (357-444 cm-1), stretching of
the C-O-C group (479 cm-1), stretching of the CO-NH and
C-CH3 groups (493 cm-1), and out-of-plane flexions of the
NH, C=O, and CH3 groups, in addition to the bending vibra-
tion in the plane of the pyranoid ring (566 cm-1), and a prom-
inent peak between 1100 and 2000 cm-1 attributed to the
following signals: the axial stretching of the groups COC,
CO, CC, C-OH, C-CH2, CH, CH2, and CH3 and the pyranoid
ring, in addition to the vibration of the flexion in the plane of
the OH…O bond (1100-1300 cm-1), as well as the flexion
region of the CNH, amide III, amide II, and amide I groups
(1375, 1445, 1540, and 1620 cm-1, respectively. In all cases,
a small shoulder is observed at 3264 cm-1 which corresponds
to the stretching vibration (CH) of the pyranoid ring. In
other Raman spectra reported in the literature, it has been
observed that this signal is much more intense.

In the case of chitosan films doped with nanoparticles, it
is observed that their Raman spectrum is practically identical
to that of undoped chitosan. The only noticeable difference is
the clearer definition of the signals already described. It has
been reported that the Raman spectral bands of Nd2Ti2O7
are located at 124, 172, 277, 347, 370, 440, 574, 614, 684,
794, and 824 cm-1 [22]. The absence of these characteristic
bands in the Raman spectra of the doped chitosan films indi-
cates the integration of the nanoparticles in the structure of
the chitosan. This suggests an increase in the crystallinity of
the chitosan films. The above discussion is in agreement with
that discussed in the FT-IR spectra.

According to the FT-IR spectra, it had been concluded
that the films showed a high tendency to adsorb moisture;
however, due to the weak absorbance of the water in Raman
spectroscopy [36], in this case, its presence is not evident. On
the contrary, it was observed that the flexion bands of the
CNH, amide III, amide II, and amide I groups were the most
intensive bands of the Raman spectra. The presence of higher
peaks with more defined reflections suggests a greater crystal-
linity or better packing of chitosan [41]. It has been indicated
that an increase in the crystallinity of the polymer film
reduces its permeability and its barrier properties are
improved [42]. The evident presence of a large number of
hydrogen bonds (FT-IR spectra) and prominent bands
related to the amine groups (Raman spectra) suggests that
the Nd2Ti2O7 nanoparticles were complexed with the amine
and hydroxyl groups of the polymer chain of chitosan.

Figure 7 shows the evolution of the DRX spectra of
the chitosan films as a function of the nanoparticle

concentration. It has been reported that the characteristic
peaks of chitosan are located around 2θ values of 8°, 11°,
18°, and 23° [3, 15, 32, 33, 41, 43–47], where the first two
peaks (8° and 11°) indicate a hydrated crystallite structure
due to the integration of water molecules in the crystal
lattice; the peak at 18° is attributed to the regular chitosan
crystal lattice, and the peak around 23° corresponds to an
amorphous chitosan structure [41]. Some studies report a
diffraction peak around 15° which is attributed to an anhy-
drous crystalline network [33].

According to the DRX spectrum of the undoped chitosan
film, a wide peak can be observed around 8-11° and a second
wide peak around 18-23°. The intensity of the first peak sug-
gests a high degree of hydration and a poor crystallinity of the
chitosan film, which is in agreement with what was discussed
in the FT-IR and Raman spectra.

In the case of chitosan films doped with nanoparticles,
the dominant diffraction pattern of the chitosan film is
observed; however, by increasing the concentration of nano-
particles, the presence of diffraction peaks corresponding to
Nd2Ti2O7 is evident (Figure 3). Furthermore, it is observed
that the intensity of the chitosan peak around 8-11°

decreases, suggesting that the adsorption of moisture in the
film decreases by increasing the nanoparticle content. Same
observation was made in the discussion of the FT-IR and
Raman spectra.

It should be noted that in all cases, the films deposited
showed a yellow hue. It has been suggested that this is due
to the presence of double bonds conjugated in its structure
by the crosslinking of the film, which occurs when glutaralde-
hyde is used as a crosslinking agent [48].

3.4. Electrochemical Evaluation. Figure 8 shows the potentio-
dynamic polarization curves for 1018 carbon steel with and
without chitosan coating (doped and undoped) evaluated in
a 3.5% NaCl solution at room temperature. From the figure,
it can be seen that carbon steel has a cathodic branch with a
large slope; this allows inferring the existence of charge
transfer limitations, and however, its anodic branch shows
a low slope which indicates a high tendency to corrosion
(metallic dissolution). Furthermore, the formation of a
passive layer on its surface is not evident in the range of
evaluated potentials.

However, in the case of carbon steel coated with undoped
chitosan, its polarization curve showed a shift towards more
active potentials and the slope of its cathodic branch
decreased, and the slope of its anodic branch increased to
potentials slightly above its corrosion potential (up to
100mV). The observed changes allow inferring that the

RS

R1

RCT

ZCPE1

ZCPEdl

Figure 12: Equivalent circuit used to fit the impedance spectra.
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presence of the chitosan film decreases the dissolution rate
of the carbon steel (increase in anodic slope), and due to
the great displacement of the corrosion potential towards
more active potentials (>200mV), it acts as a cathodic
coating affecting the oxygen reduction rate (cathodic reac-
tion) and shifting the polarization curve to lower current
densities [49].

The behavior of carbon steel coated with chitosan doped
with nanoparticles is very similar to that observed in the
presence of the undoped chitosan film. Although the varia-
tion in the Icorr values is not significant, the incorporation

of nanoparticles seems to influence some variables of the cor-
rosion process. The most significant changes are observed
with the incorporation of 500 ppm of nanoparticles, namely,
an increase in the slope of the anodic branch up to 160mV
above its corrosion potential, a more active corrosion poten-
tial, and a greater displacement of the cathodic branch at
lower current densities. Polarization curves are an excellent
tool to determine the protective capacity of the chitosan films
deposited onto steel surface; however, the observed behavior
simply corresponds to the beginning of the corrosion pro-
cess. Therefore, in order to obtain a better response and
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Figure 13: Evolution of the (a) Rct and (b) R1 values as a function of time for bare carbon steel and coated with a chitosan film with different
concentrations of nanoparticles.
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Figure 14: Evolution of the (a) ndl and (b) n1 values as a function of time for bare carbon steel and coated with a chitosan film with different
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behavior of deposited films, it is necessary to carry out per-
formance tests at longer times by means of complementary
electrochemical techniques such as OCP, RPL, and EIS mea-
surements. Table 1 shows the electrochemical parameters
obtained from the polarization curves.

Figure 9 shows the variation of the OCP as a function of
time for 1018 carbon steel with and without chitosan coating
(doped and undoped) evaluated in 3.5% NaCl solution at
room temperature. In the case of bare carbon steel, it was
observed that it showed a drop in its OCP values (≈30mV)
in the first hour of immersion and then a constant decrease
until the end of the test without reaching the steady state. It
is known that an increase in the OCP values indicates the for-
mation of a passive film on the material surface, and on the
contrary, a decrease in its values shows a continuous corro-
sion process, as well as the presence of constant values

indicates a surface stable [50]. Based on the above discussion,
it can be assumed that bare carbon steel undergoes a continu-
ous corrosion process and is not capable of developing a stable
corrosion product layer that decreases its corrosion rate.

However, in the presence of a chitosan film (with or with-
out nanoparticles) in all cases, an abrupt drop in the OCP
values is observed in the first hours of immersion and subse-
quently their values remain practically stable. The drop in
OCP values is averaged from 90 to 110mV. Some authors
suggest that an abrupt initial drop in the OCP values is asso-
ciated with processes of reorganization of the surface layers
as a result of an increase in the metallic dissolution or a
decrease in the cathodic reactions [51, 52]. However, in this
case, it can be assumed that the observed drop in OCP values
may be due to the sorption and absorption of water in
the chitosan film, which causes its swelling [41, 48, 53].
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Figure 15: Evolution of the (a) Cdl and (b) C1 values as a function of time for bare carbon steel and coated with a chitosan film with different
concentrations of nanoparticles.
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After this, it is observed that the OCP values remain
practically stationary; this shows the protective nature of
the films deposited.

In the case of corrosion inhibitors, it has been suggested
that when they cause a displacement in OCP values greater
than ±85mV, with respect to the blank, they can be defined
as anodic or cathodic inhibitors depending on the direction
of displacement [49, 54–56]. Therefore, in this case, it can
be assumed that the deposited chitosan films act as cathodic
coating based on the displacement caused in the OCP values
with respect to bare carbon steel.

Figure 10 shows the variation in LPR as a function of time
for 1018 carbon steel with and without chitosan coating
(doped and undoped) evaluated in 3.5% NaCl solution at
room temperature. The evolution of the polarization resis-
tance values of the bare carbon steel shows a tendency to
increase constantly without reaching the steady state in the
evaluated test period. This behavior can be due to the contin-
uous corrosion process which causes the accumulation of
corrosion products on the surface, limiting the diffusion of
the electrolyte but without forming a compact barrier. The
above discussion is in accordance with the trend observed
in the evolution of its OCP values. In the case of carbon steel
coated with chitosan films, in all cases, higher initial resis-
tance values were observed with respect to bare carbon steel.
This indicates that the chitosan films increase the corrosion
resistance of carbon steel. At higher immersion times, a con-
stant increase in the resistance values is observed until

reaching a quasistationary state depending on the nanoparti-
cle concentration. In the case of chitosan films with 0 and
100 ppm, a similar behavior is observed; however, at higher
concentrations, the resistance values tend to increase with
the nanoparticle concentration. This increase in the resis-
tance values may be due to a barrier effect that reduces the
effective area for the migration of the aggressive species
towards the metallic surface.

Figure 11 shows the Nyquist and Bode diagrams for 1018
carbon steel with and without chitosan coating (doped and
undoped) evaluated in 3.5% NaCl solution at room tempera-
ture after 24 hours of testing. According to the Nyquist dia-
gram, carbon steel shows the apparent presence of a single
depressed capacitive semicircle with a diameter of less than
800Ohm·cm2. However, the analysis of the Bode diagram
in its phase angle format shows the presence of an apparent
time constant around 0.2Hz with a maximum phase angle
of 50°, but its shape does not show symmetry (like a Gauss
bell); therefore, it is possible that in reality, there are two
overlapping time constants whose response surface is the
observed one. According to this, it is possible to infer that
the first time constant is in the intermediate frequency region
between 10 and 100Hz. The above is corroborated when
analyzing the Bode diagram in its impedance module for-
mat, ∣Z∣, in which it is possible to observe three slopes in
the relation log f vs. log ∣Z∣. The first slope is located in
the high-frequency region (>1000Hz), which corresponds
to the solution resistance; the second slope is located in

SED 20.0 kV WD 10.1 mm High-PC 30.0 HighVac. ×100 100 �휇m

(a)

SED 20.0 kV WD 10.4 mm High-PC 30.0 HighVac. ×100 100 �휇m

(b)

SED 20.0 kV WD 10.4 mm High-PC 30.0 HighVac. ×500 50 �휇m

(c)

SED 20.0 kV WD 10.1 mm High-PC 30.0 HighVac. ×5,000 5 �휇m

(d)

Figure 16: Morphological aspects of carbon steel after 24 hours of immersion in a 3.5% NaCl solution at room temperature.
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the intermediate-frequency region (10-100Hz), which cor-
responds to the first time constant which can be associated
with the presence of a corrosion product layer; and the
third slope is located in the region of low frequency (max-
imum phase angle), which corresponds to the second time
constant associated with the capacitive response of the
metallic surface. In addition, it is not possible to define
the low-frequency plateau which indicates that the charge
transfer resistance Rct is greater than the last registered
value. It is common that in the Nyquist diagram, the real
time constants associated with the corrosion process are
not observed; this is due to the fact that the first time con-
stants generally evolve between the high-frequency region
and the intermediate-frequency region, and in the Nyquist
diagram, the most visible experimental data correspond to
the low-frequency region [49, 51].

On the other hand, carbon steel coated with a film of
chitosan (doped and undoped) from its Nyquist diagram also
shows the apparent presence of a single capacitive semicircle
whose diameter is greater than that observed for bare carbon
steel. This indicates that the presence of the chitosan film
increased the charge transfer resistance of the steel. The anal-
ysis of the Bode diagrams shows the well-defined presence of
two time constants. According to the Bode diagram in its
phase angle format, it is observed that the maximum phase
angles of the time constants are located around 100Hz
and 0.1Hz. From the Bode diagram in its impedance

module format, ∣Z∣, the slope changes associated to the
time constants are observed. In all cases, the development
of the low-frequency plateau is not evident. The evolution
as a function of time of the impedance spectra is shown in
Supplementary Materials.

The impedance spectra were adapted by means of the
equivalent circuit shown in Figure 12.

In this case, Rs represents the solution resistance, R1 and
CPE1 are the resistance and the constant phase element
either of the corrosion product layer or of the chitosan film
in the case of bare or coated steel, respectively, and Rct and
CPEdl are the charge transfer resistance and the capacitance
of the electrochemical double layer, respectively.

The capacitances have been replaced by CPE to compen-
sate the surface irregularities, where the CPE impedance is
defined as follows:

ZCPE =
1
Y0

jω −n 1

In this case, Y0 is the constant or magnitude of the CPE
F cm−2 s n−1 , ω is the angular frequency (rad s-1), j2 =−1
is the imaginary number, and n is a phenomenological
coefficient that indicates the phase shift and represents the
heterogeneity of the surface; their values can be 0 < n < 1. If
n = 1, CPE = C = 1/Y0; if n = 0 5, CPE = ZW (Warburg
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SED 20.0 kV WD 9.8 mm High-PC 30.0 HighVac. ×1,000 10 �휇m
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Figure 17: Morphological aspects of carbon steel coated with a chitosan film after 24 hours of immersion in a 3.5% NaCl solution at room
temperature.
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impedance); if n = 0, CPE = R. The capacitance of the CPE
can be calculated using the following equation [57]:

CCPE =
Y0R

1/n

R
2

Figures 13–15 show the evolution of the electrochemical
parameters obtained from the fitting of the impedance spec-
tra. Figure 13 shows the evolution of the values of Rct and R1
of bare carbon steel and coated with a chitosan film with dif-
ferent concentrations of nanoparticles. It is observed that the
Rct values and its tendency are similar to those observed in
the polarization resistance measurements Rp ; this indicates
that the equivalent circuit used represents the surface pro-
cesses detected by means of the electrochemical impedance
measurements. The possible differences may be due to the
fact that in general Rp ≈ Rct + R1. On the other hand, the R1
values show that the resistance of the chitosan film increases
with the nanoparticles content, and that once the steady state
is reached t > 6 h , their resistance values are similar to the
initial ones. It is possible that the increase in the chitosan film
resistance (without nanoparticles) is due to the increase in its
thickness due to the electrolyte absorption. The above discus-
sion suggests that the moisture absorption capacity of chito-
san films doped with nanoparticles is decreased.

Figure 14 shows the evolution of the ndl and n1 values for
bare carbon steel and coated with a chitosan film with

different concentrations of nanoparticles. Regarding the
values of ndl, it is observed that the chitosan film has the low-
est values and close to 0.5; however, these values increase
with the nanoparticle content but they are slightly lower than
those of bare steel. On the other hand, with respect to the
values of n1, it is observed that all chitosan films show similar
and larger values to those of bare steel. This suggests that the
presence of the chitosan film improved the surface unifor-
mity regardless of its nanoparticle content.

Figure 15 shows the evolution of the values of Cdl and C1
for bare carbon steel and coated with a film of chitosan with
different concentrations of nanoparticles. The bare carbon
steel initially showed a rapid increase in its Cdl values and,
in general, the highest values. This indicates a greater suscep-
tibility to corrosion. On the other hand, the chitosan film
without nanoparticles also showed an initial increase in its
Cdl values but its values were always lower than those of bare
steel. However, in the presence of nanoparticles, all the films
showed lower values of Cdl and these decreased by increasing
the concentration of nanoparticles. This indicates that the
presence of nanoparticles increased the corrosion resistance
of carbon steel. Regarding the values of C1, it is observed that
bare carbon steel showed the highest values which indicate
the low protective properties of its corrosion product layer.
However, in the presence of a chitosan film on its surface,
lower C1 values are observed but with a tendency to increase,
possibly due to the absorption of electrolyte. With the
addition of 100 ppm of nanoparticles, a behavior similar

BED-C 20.0 kV WD 10.4 mm High-PC 30.0 HighVac. ×2,000 100 �휇m

(a)

SED 20.0 kV WD 10.4 mm High-PC 30.0 HighVac. ×100 100 �휇m

(b)

SED 20.0 kV WD 10.4 mm High-PC 30.0 HighVac. ×250 100 �휇m

(c)

SED 20.0 kV WD 10.4 mm High-PC 30.0 HighVac. ×1,000 10 �휇m

(d)

Figure 18: Morphological aspects of carbon steel coated with a film of chitosan doped with 100 ppm of nanoparticles, after 24 hours of
immersion in a 3.5% NaCl solution at room temperature.
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to that shown with 0 ppm is observed; this may be due to
the low amount of nanoparticles. However, by increasing
the concentration of nanoparticles, it is observed that the
C1 values are the lowest once the steady state has been
reached. This suggests a more protective character of the
chitosan films. The results shown suggest that a higher
concentration of nanoparticles than those reported here
may result in the formation of chitosan films with greater
anticorrosive properties.

3.5. Morphological Analysis of Corroded Surfaces. Figure 16
shows the morphological aspects of the 1018 carbon steel
surface after the corrosion process for 24 hours in a 3.5%
NaCl solution at room temperature. The presence of a large
amount of corrosion products of a nonprotective nature
was observed on the surface of the steel (Figure 16(a)). This
was evident by eliminating the corrosion products and
observing the presence of strong pitting damage on its
surface (Figures 16(b)–16(d)). The presence of large pits
(>50microns) and a high density of smaller pits (<5microns)
was observed. The micrographs clearly show that the carbon
steel underwent a nonuniform corrosion processwith a strong
pitting attack.

Figure 17 shows the morphological aspects of the 1018
carbon steel surface coated with chitosan after the corrosion
process for 24 hours in a 3.5% NaCl solution at room
temperature. From Figure 17(a), it can be seen that the
chitosan film remained free of corrosion products on its

surface (the observed cracking was due to the drying process
and to the high vacuum conditions used for its observation).
Figures 17(b)–17(d) show the surface aspects of the steel after
the chitosan film has been removed. It is evident that the
attack experienced by the carbon steel was lower; although
the presence of pitting is appreciated, its magnitude and den-
sity was low. The observed attack could be due to the pres-
ence of superficial defects in the chitosan film.

Figures 18–20 show the morphological aspects of the sur-
face of 1018 carbon steel coated with doped chitosan with dif-
ferent concentrations of nanoparticles, after the corrosion
process for 24 hours in a 3.5% NaCl solution at room temper-
ature. Figures 18(a), 19(a), and 20(a) show the surface
appearance of the chitosan film as a function of the concen-
tration of added nanoparticles, 100 ppm, 500 ppm, and
1000 ppm, respectively. In general, the surface shows a less
homogeneous appearance than that observed in the absence
of nanoparticles; this may be due to the formation of nano-
particle clusters in the outer layers of the chitosan film. The
detachment of the chitosan films was more difficult. On the
surface of the steel, the presence of very thin chitosan layers
strongly adhered was observed. It is noticeable that the sur-
face attack was less; smaller pits were observed than those
observed in the presence of the undoped chitosan film. In
particular in Figures 19(d) and 20(d), the images of backscat-
tered electrons are shown where it is possible to observe a
thin chitosan layer adhered to the steel surface and the pres-
ence of the codeposited nanoparticles.

BED-C 20.0 kV WD 9.8 mm High-PC 30.0 HighVac. ×2,000 10 �휇m

(a)
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(b)

SED 20.0 kV WD 10.1 mm High-PC 30.0 HighVac. ×250 100 �휇m

(c)

BED-C 20.0 kV WD 10.1 mm High-PC 30.0 HighVac. ×40,000 500 nm

(d)

Figure 19: Morphological aspects of carbon steel coated with a film of chitosan doped with 500 ppm of nanoparticles, after 24 hours of
immersion in a 3.5% NaCl solution at room temperature.
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The above evidences show that chitosan films doped with
nanoparticles improved the anticorrosive properties of car-
bon steel. It is possible that the increase in corrosion resis-
tance of steel is due to the fact that nanoparticles acted as a
solid barrier for the free diffusion of reactants by reducing
the effective area of diffusion.

4. Conclusions

The results obtained show that the synthesis process of
Nd2Ti2O7 allows obtaining nanoparticles completely crystal-
line with an average size of 100-200 nm. It was possible to
deposit homogeneous chitosan films with 4 microns thick-
ness independently of the concentration of nanoparticles
applying a 5V potential for 20 minutes. The characterization
of the chitosan films shows that the nanoparticle codeposi-
tion reduces their moisture adsorption capacity and increases
the crystallinity of the deposited films. Electrochemical
evaluation of the chitosan films shows a clear decrease in
the corrosion current density and an increase in the polar-
ization resistance and in the charge transfer resistance by
increasing the concentration of codeposited nanoparticles.
Likewise, a decrease in the values of corrosion potential
and open circuit potential was observed. These characteris-
tics indicate that the films deposited reduce the anodic
reaction (reduction of oxygen) and due to this the corro-
sion rate of the protected material.
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Supplementary Materials

Morphological aspects of the Nd2Ti2O7 nanoparticles. Figure
S1: morphological aspect of the Nd2Ti2O7 nanoparticles syn-
thesized. Figure S2: effect of the nanoparticle concentration
on the thickness of the chitosan films deposition voltage =
5V . Figure S3: appearance in cross section of the chitosan
films according to the concentration of nanoparticles. Figure
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Figure 20: Morphological aspects of carbon steel coated with a film of chitosan doped with 1000 ppm of nanoparticles, after 24 hours of
immersion in a 3.5% NaCl solution at room temperature.

15International Journal of Polymer Science



S4: Nyquist and Bode diagrams for 1018 carbon steel evalu-
ated in 3.5% NaCl solution. Figure S5: Nyquist and Bode dia-
grams for 1018 carbon steel coated with chitosan evaluated in
3.5% NaCl solution. Figure S6: Nyquist and Bode diagrams
for 1018 carbon steel coated with chitosan doped with
100 ppm of nanoparticles in 3.5% NaCl solution. Figure S7:
Nyquist and Bode diagrams for 1018 carbon steel coated with
chitosan doped with 500 ppm of nanoparticles in 3.5% NaCl
solution. Figure S8: Nyquist and Bode diagrams for 1018 car-
bon steel coated with chitosan doped with 1000 ppm of nano-
particles in 3.5% NaCl solution. (Supplementary Materials)
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