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Abstract: Graphene oxide (GO) has attractive properties, such as a two-dimensional structure.
Because of its hydrophilic characteristic, well-dispersed aqueous solutions are attained. Thus, it is
easily incorporated into waterborne resins. For these reasons, in the last years GO nanoparticles have
been added to polymers, improving corrosion resistance. This work is focused on the performance of
a commercial rust converter (RC) doped with five different RC:GO ratios, namely, 1:0; 1:0.3; 1:0.6;
1:0.9; 1:1.2 (%v/v). The X-ray diffraction technique is used to illustrate the effect of RC and RC + GO
additions in the iron oxides. Zeta-potential measurements are performed to assess the surface charge
of the GO particles. The corrosion resistances of the rusted samples coated with the five rust converter
formulations are studied. The electrochemical impedance spectroscopy (EIS) technique and an
electrical equivalent circuit are utilized to explain the experimental results. Additionally, it is found
that the optimal RC:GO ratio is between 1:0.3 and 1:0.6. The better corrosion resistance reached is
that of the RC:0.3GO ratio.

Keywords: rusted steel; rust converter; graphene oxide; corrosion resistance

1. Introduction

The use of paints for the protection of steel structures is one of the most common
strategies to mitigate corrosion. The success of this procedure is strongly dependent on the
surface preparation of the metal. The optimum condition implies complete removal of rust;
however, this is not always possible due to diverse reasons such as the inaccessibility of the
elements, the repairing of large structures where conventional rust cleaning methods are
expensive, or environmental constraints [1]. In these situations, an attractive alternative
is the stabilization of the oxide layer before painting by the use of rust converters, which
essentially consist of chemical formulations able to transform the iron oxides into a more
compact and adherent layer. These compounds are designed to be applied on corroded
surfaces [2,3]. The commercial rust converter (RC) formulations include two main com-
ponents: the active one that reacts with the rust to generate new less reactive compounds,
and the polymeric component responsible for the continuous film formation [3]. Most
common formulations are based on tannic or phosphoric acids [4–8], and more recently
they are also based on gallic acid [9–11] as an active component. Although they represent
environmentally good alternatives to contaminant pretreatments, their efficiency is subject
to controversy. Several parameters condition the final result, for example, the nature of
the rust to be converted (composition, age, or thickness) that is determined by the type of
atmosphere (presence of aggressive electrolytes, pH, etc.) [8,12,13], and the contact time
between the RC and the rust [14]. This latter aspect is related to the chemical nature of
the active component in the RC. There is a general agreement that the stabilization of the
rust is based on the ability of these compounds to react with the iron oxides/hydroxides
creating a passive layer [15] that can be accompanied by a sealing effect [16]. However,
this protection is limited or even not present, since the interaction between the oxides and
the rust converter solutions affects only the outermost rust surface [4,17,18]. Ocampo et al.

Coatings 2022, 12, 345. https://doi.org/10.3390/coatings12030345 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings12030345
https://doi.org/10.3390/coatings12030345
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-9924-6569
https://orcid.org/0000-0001-9240-4923
https://orcid.org/0000-0002-3086-1552
https://doi.org/10.3390/coatings12030345
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12030345?type=check_update&version=1


Coatings 2022, 12, 345 2 of 12

suggest that their effect can be even harmful in the case of high chloride contamination [1].
Thus, developing new RC formulations with good long-term protection is a challenging
task. To our best knowledge, few studies deal with this aspect [10,19].

The incorporation of corrosion inhibitors to the commercial RC may be an alternative
strategy, following the same route as employed in traditional paint formulations. In a
previous work [11], we demonstrated the benefit provided by the addition of oxide (GO)
to a commercial rust converter. The choice of GO as a pigment for anticorrosive coatings
was based on some advantageous features that it possesses. It is a two-dimensional
nanomaterial; i.e., it has a very high aspect ratio, thus it would provide a good barrier
effect. Besides, it has a hydrophilic character due to the oxygen-containing functional
groups (epoxy and hydroxyl at the planar surface, and carbonyl, carboxyl, ester, ether,
phenol, among others, at the edges). This characteristic encourages the stabilization of
the aqueous GO dispersions and also provides active points to be covalently bonded
to other species [20,21]. Functionalization of the GO is a common approach used to
improve the compatibility of the GO with the polymeric matrix, thus avoiding dispersion or
agglomeration problems [22,23]. However, the experimental procedure usually is complex,
which restricts its implementation on an industrial scale. In our proposal, the GO was
added as an aqueous dispersion over commercial water-based RC, which simplifies the
mixing process and the dispersion of the mixture was good [11]. Using a similar procedure,
the present work is focused on the optimization of the GO concentration that provides the
best anticorrosive properties of the commercial rust converter.

2. Materials and Methods

Mild steel samples with 80 mm × 30 mm × 1 mm dimensions and nominal chemical
composition (wt.%): C (0.096), Mn (0.350), Si (0.183), Cr (0.123), Ni (0.161), Mo (0.06),
P (0.022), S (0.033), Co (0.046), Sn (0.041), and Fe (balance), were degreased using soapy
water and afterward rinsed with deionized water and dried. The clean steel plates were
prerusted in a humidity chamber at 100% relative humidity and room temperature until
the generation of a uniform rust layer; this process takes about two weeks. The corroded
samples were brushed to remove the loose rust before applying the RC formulations. The
detached oxides were collected and dried in a furnace at about 40 ◦C. They were then
milled to obtain a fine powder and dry-stored to perform further experiments.

The commercial rust converter named Oroprimer® 440 (produced by Oropal, Irurena
Group, Azpeitia, Spain) was used. It is a water emulsion based on vinyl chloride–acrylic
ester copolymer, with gallic acid as the active component; the density is 1.2 g. mL−1 and
the total solid content is 50%. The graphene oxide employed is a GO water dispersion
with 0.4 wt.% concentration from Graphenea® (Graphenea Inc., Boston, MA, USA). Five
RC:GO ratios, 1:0; 1:0.3; 1:0.6; 1:0.9; and 1:1.2 (%v/v), were studied. The mixtures were then
sonicated for 2 min to obtain a homogenous suspension that was applied by brush on the
rusted steel samples and cured for 48 h at room temperature. Figure 1 illustrates the aspect
of the rusted steel samples coated with the RC/GO formulations. As can be appreciated, a
thin and uniform film was obtained, the average thickness was 42 ± 2.6 µm.

The surface charge of the graphene oxide particles when they are in contact with
the gallic acid was determined by zeta potential measurements. For that, gallic aqueous
solutions (15 mg·mL−1) with different concentrations of GO, 0.28 mg·mL−1, 0.58 mg·mL−1,
0.74 mg·mL−1 and 0.92 mg·mL−1, were prepared. These concentrations were determined
taking into account that the amount of gallic acid in the rust converter is around 10%
(information provided by the manufacturer) and the RC/GO ratios of 1:0.3; 1:0.6; 1:0.9
and 1:1.2 proposed in this study. The measurements were performed using a Malvern
Zetasizer NanoSizer NanoZS® (Malvern Panalytical, Worcestershire, UK) instrument. The
reproducibility was verified by performing a minimum of 10 measurements per set. The
zeta potential was calculated from the electrophoretic mobility using the Smoluchowski
model, wherein the thickness of the electrical double layer is assumed to be small in
comparison with the particle size.



Coatings 2022, 12, 345 3 of 12Coatings 2022, 12, x FOR PEER REVIEW 3 of 13 
 

 

 
Figure 1. Pictures of rusted steel samples that were coated using the different RC:GO ratios, with 80 
mm × 30 mm × 1 mm dimensions. 

The surface charge of the graphene oxide particles when they are in contact with the 
gallic acid was determined by zeta potential measurements. For that, gallic aqueous solu-
tions (15 mg·mL−1) with different concentrations of GO, 0.28 mg·mL−1, 0.58 mg·mL−1, 0.74 
mg·mL−1 and 0.92 mg·mL−1, were prepared. These concentrations were determined taking 
into account that the amount of gallic acid in the rust converter is around 10% (information 
provided by the manufacturer) and the RC/GO ratios of 1:0.3; 1:0.6; 1:0.9 and 1:1.2 pro-
posed in this study. The measurements were performed using a Malvern Zetasizer Na-
noSizer NanoZS® (Malvern Panalytical, Worcestershire, UK) instrument. The reproduci-
bility was verified by performing a minimum of 10 measurements per set. The zeta poten-
tial was calculated from the electrophoretic mobility using the Smoluchowski model, 
wherein the thickness of the electrical double layer is assumed to be small in comparison 
with the particle size. 

The interaction between the rust converter and iron oxides was assessed by the X-ray 
diffraction (XRD) technique. Samples were prepared by mixing the rust powder with the 
RC/GO formulations. After drying, these were again milled to obtain a fine powder. The 
equipment employed was an X-ray diffractometer PANalytical X’Pert® (Malvern Panalyt-
ical, Worcestershire, UK) powder with the monochromatic CuKα radiation (λ = 1.5 Å) from 
2θ = 15° to 2θ = 70°. 

The protective features of the RC/GO formulations applied on the rusted steels were 
assessed using the electrochemical impedance spectroscopy (EIS) technique. The electro-
chemical cell was a three-electrode arrangement, wherein the working electrode was the 
coated steel defining a working area of S = 1 cm2, the counter electrode was a large graphite 
sheet (28 cm2), and a saturated calomel electrode (SCE) was used as the reference elec-
trode. The electrolyte was 0.06 M NaCl solution confined in a volume of about 80 mL. The 
reason to choose this low chloride concentration is based on the characteristics of the rust 
converter; it is designed as a primer coat, thus, it has poor barrier properties. The use of a 
low aggressive electrolyte allows tracking the behavior of the different formulations at 
long immersion times. The equipment was an Autolab 30 potentiostat from Ecochemie® 

Figure 1. Pictures of rusted steel samples that were coated using the different RC:GO ratios, with
80 mm × 30 mm × 1 mm dimensions.

The interaction between the rust converter and iron oxides was assessed by the X-ray
diffraction (XRD) technique. Samples were prepared by mixing the rust powder with the
RC/GO formulations. After drying, these were again milled to obtain a fine powder. The
equipment employed was an X-ray diffractometer PANalytical X’Pert® (Malvern Panalyti-
cal, Worcestershire, UK) powder with the monochromatic CuKα radiation (λ = 1.5 Å) from
2θ = 15◦ to 2θ = 70◦.

The protective features of the RC/GO formulations applied on the rusted steels
were assessed using the electrochemical impedance spectroscopy (EIS) technique. The
electrochemical cell was a three-electrode arrangement, wherein the working electrode
was the coated steel defining a working area of S = 1 cm2, the counter electrode was
a large graphite sheet (28 cm2), and a saturated calomel electrode (SCE) was used as
the reference electrode. The electrolyte was 0.06 M NaCl solution confined in a volume
of about 80 mL. The reason to choose this low chloride concentration is based on the
characteristics of the rust converter; it is designed as a primer coat, thus, it has poor
barrier properties. The use of a low aggressive electrolyte allows tracking the behavior
of the different formulations at long immersion times. The equipment was an Autolab 30
potentiostat from Ecochemie® (Metrohm AG, Herisau, Switzerland), at null DC current
and applying a 10 mVrms sinusoidal amplitude. The frequency ranged from 100 kHz to
10 mHz, with 7 points per decade. At least three samples were tested for each system to
verify the reproducibility.

3. Results and Discussion
3.1. Surface Charge of the Graphene Oxide Particles

The zeta-potential measurements provide useful information about the stability of the
GO suspensions in the rust converter. For comparative purposes, zeta-potential measure-
ments of GO aqueous solutions without acid gallic were also performed. The results are
depicted in Figure 2.
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Figure 2. Zeta-potential distributions of GO in (a) aqueous solutions and (b) aqueous gallic acid
solutions. The concentrations correspond to the amount of GO in the RC/GO formulations studied.

Figure 2a shows the zeta-potential values of the GO aqueous suspensions at different
concentrations. The low value obtained, −59 mV, indicate very stable suspensions, regard-
less of the concentration. It is widely accepted that absolute values higher than 30 mV
lead to stable suspensions due to interparticle electrostatic repulsion [24]. On the other
hand, the negative zeta potential values are owing to the electronegative functional groups
present in the GO particles [25]. The effect of the gallic acid is shown in Figure 2b. The
zeta-potential values remain well below −30 mV, which confirms the stability of these sus-
pensions. However, the recorded values are less negative than those in aqueous solutions.
The reason should be twofold: on one hand, the parent solution is a concentrated gallic
acid solution (15 mg·mL−1) with high ionic strength, which reduces the thickness of the
double layer and the repulsive forces, so that increases the zeta potential [26]. On the other
hand, the partial protonation of the functional groups of the GO particles neutralizes the
surface negative charge. This protonation seems more effective in dilute solutions, where
the amount of GO particles is lower. This fact can explain the tendency for zeta potential to
decrease when the GO concentration increases.

3.2. X-ray Characterization

The interaction between the graphene oxide particles and the commercial rust con-
verter was also verified by XRD. Figure 3 shows a detail of the X-ray diffractograms
corresponding to the lowest and highest RC:GO ratios tested, in which the more character-
istic diffraction peaks of gallic acid are depicted. The intensity of those peaks is markedly
lower when the amount of GO is higher, which suggests certain interaction between both
species. This result is not unexpected considering the reducing character of the gallic acid
and is in agreement with the work of Li et al., in which the GO is reduced by gallic acid;
this acts not only as a reductant agent but also as a stabilizer of the reduced graphene
oxide (rGO) suspensions that were obtained [27]. The X-ray pattern of pure graphene
oxide is also included, with a characteristic peak centered at 2θ = 10◦. As can be seen,
this peak is not observed in any of the RC/GO mixtures, owing to the low GO amount in
the formulations. It also corroborates the interaction between gallic acid and GO. Similar
results were obtained using other polyphenols such as tannic acid [28].

The XRD technique was also used to characterize the iron oxides/hydroxides gener-
ated and several mixtures of rust with the RC. The diffractograms obtained for the rust
powder and its combination with the RC are shown in Figure 4. The main crystalline
compounds identified were lepidocrocite γ-FeO(OH) (ref. code 00-008-0098) and mag-
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netite Fe3O4 (ref. code 00-019-0629); traces of goethite, α-FeO(OH) (ref. code 00-029-0713)
were also detected. The same species were found by other researchers, even though the
relative amounts may differ depending on the conditions in which the rust was gener-
ated [16,29,30]. The main crystalline compounds were also clearly detected when the rust
was in contact with the RC, although there was a significant decrease in the intensity of
the peaks. This expected result confirms the interaction between the rust converter and the
iron oxides/hydroxides, and is in good agreement with other researchers [1,13].
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Figure 3. Detail of the X-ray patterns corresponding to 1RC:0.3GO and 1RC:1.2GO ratios. The X-ray
pattern of GO is given in the insert.
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Figure 4. X-ray patterns obtained for dried rust powder and rust + RC mixture after being in contact
for 15 days. The identification of the main crystalline compounds is also included together with the
diffraction planes in each identified species based on refs. [31–33].

When the rust is mixed with the RC/GO formulations the intensity of the peaks also
decreases, as Figure 5 illustrates. Although there is no clear tendency, the reduction is
broadly less pronounced in the RC + GO blends. Even though it is not totally understood,
this behavior may be related to the previous interaction between the gallic acid and the
GO; thus, a smaller amount of the active component of the RC (i.e., gallic acid) would be
available to react with the rust. As expected, the GO peak is not observed, as was already
evident in the RC/GO mixtures.
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Figure 5. X-ray diffractograms obtained for rust powder and the different RC/GO mixtures tested,
after being in contact for 15 days.

3.3. Electrochemical Study of Rusted Steel Coated with the RC/GO Treatments

EIS measurements were performed to assess the corrosion resistance of the RC/GO
formulations, and some examples are shown in Figure 6.

As can be seen, the better behavior corresponds to 1RC:0.3GO ratio not only initially
but also for long immersion periods. It is noticeable that the well-differentiated behavior
observed depends on the RC/GO ratio at short immersion periods. This suggests that
the larger amount of GO involves the worst corrosion properties of the films, perhaps
because of certain agglomeration of the particles. In addition, the interaction with gallic
acid leads to a larger amount of rGO when the RC/GO ratio is higher, which can accelerate
the cathodic reaction and corrosion rate. Chaudhry et al. reported the harmful effect of
the rGO addition to self-crosslinked polyvinyl butyral (PVB) polymer [34]. Generally, the
impedance of all the RC/GO formulations tends to decrease with immersion time, except
that of 1RC:0.3GO, which increases at longer exposure periods. A more detailed impedance
evolution of each formulation is shown in Figure 7.
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Figure 6. Impedance modulus (open symbols) and phase angle (filled symbols) of the rusted steel
coated with the RC/GO formulations after (a) 4 days and (b) 21 days of immersion in 0.06 M
NaCl solution.

As aforementioned, only 1RC:0.3GO formulation provides lasting corrosion resistance,
even acquiring higher impedance values at the end of the immersion period. The complexity
of the Nyquist plots suggests the emergence of several processes. The electrical equivalent
circuit (EEC) used to model the observed behavior is shown in Figure 7f. In this, Re denotes
the electrolyte resistance. The high-frequency time constant, RfCf, is related to the barrier
properties of the conversion coating. The time constant located at the medium frequency
range, RctCdl, accounts for the charge transfer resistance and double layer capacitance
of the corrosion process. Both time constants are affected by Cole–Cole type dispersion
(αf and αdl) [35]. The low-frequency time constant, Zd, can be attributed to the oxygen
diffusion toward the metallic surface. This physical interpretation is previously given in
other works [36]. The total impedance is given in Equation (1):

Z(ω) = Re +
Rf

(jωRfCf)
αf + 1

1+Z2/Rf

, (1)

The Z2(ω) impedance is given by Equation (2):

Z2(ω) =
Rct

(jωRctCdl)
αdl + 1

1+Zd/Rct

, (2)

Additionally, Zd(ω) is:

Zd(ω) = Rd
tanh

√
(jωτd)√

(jωτd)
, (3)

In Equation (3), Zd(ω) corresponds to semi-infinite diffusion process with a character-
istic time constant τd = δ2/D, where δ is the thickness of the Nernst diffusion layer, defined
by the concentration gradient established by the oxygen consumption at the metal/film
interface, and D accounts for the diffusion coefficient of oxygen [37]. The good agreement
between the fitting and experimental data can be seen in Figures 6a and 7a–e.
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Figure 7. (a–e) Nyquist plots showing the evolution of the different RC/GO formulations with
immersion time. The best-fit curve obtained for each measurement is also shown. (f) Electrical
equivalent circuit (EEC) used for modeling the data. The meaning of the different elements is
described in the text.
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Figure 8a,b shows the evolution of the high-frequency time constant, RfCf, as afore-
mentioned is related to the barrier properties of the conversion coating. The higher re-
sistance values correspond to 1RC:0.3GO, followed by the undoped RC system. Initially,
the 1RC:0.6GO formulation also exhibits high resistance values; however, these rapidly
decrease with immersion time. On the other side, the 1RC:0.9GO and 1RC:1.2GO ratios
have about one order of magnitude lower resistance values. These results illustrate the
benefit afforded by small additions of GO; it seems that the conversion coatings can be
effectively formed and, additionally, the GO improves the barrier effect owing to its 2D
structure. As the amount of GO increases, less gallic acid (the reactive component of the
RC) is available to react with the iron oxides/hydroxides, thus generating a more defec-
tive conversion coating. Parallel to the resistance evolution, the film capacitance increase
observed for 1RC:0.6GO, 1RC:0.9GO, and 1RC:1.2GO formulations indicates the higher
water uptake in the coating. The steady capacitance values exhibited by the other ratios
corroborate the generation of a more compact layer.
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Figure 8. Evolution of the fitting parameters corresponding to the high-frequency time constant (a)
Rf and (b) Cf, and to the middle frequency time constant (c) Rct and (d) Cdl.

The evolution of the time constant associated with the corrosion process, RctCdl, is
shown in Figure 8c,d. The higher charge transfer means the lower corrosion rate [38], which
corresponds to the 1RC:0.3GO system. As expected, higher corrosion rates are observed in
1RC:0.9GO and 1RC:1.2GO formulations. The double layer capacitance can be correlated to
the active area, Ad, according to Equation (4) [39]:

Ad =
Cdl
Co

dl
, (4)
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where Co
dl is the specific double layer capacitance of the bare metal, which is considered

constant over the immersion time. Accordingly, Cdl is a measure of the active area that,
as can be seen in Figure 8d, increases with immersion time in all samples. However,
performing an estimation of Ad is not easy for rusted samples, since the value of Co

dl
depends on the surface roughness. In the present study, 160 µF·cm−2 was adopted, which
is characteristic of a very rough metallic surface [40]. The active area resulted to be less than
0.1% for all systems except 1RC:0.9GO with a larger active area (about 10%), in agreement
with a lower charge transfer resistance.

It is worth commenting about the Rct and Cdl values for the 1RC:0.6GO system.
Although the conversion layer seems to have lower barrier properties than the undoped
RC, the corrosion rate and the active surface are lower, perhaps because of the electrolyte
uptakes to the film, although it does not reach the metal surface.

As aforementioned, the low-frequency time constant accounts for the oxygen diffusion
transport from the bulk solution, through the layer pores, to the cathodic sites. The
evolution of the associated resistance is depicted in Figure 9a. As can be seen, its evolution
follows approximately the pattern observed for charge transfer resistance, the higher values
correspond to the 1RC:0.3GO formulation and the lowest to the 1RC:9.9GO and 1RC:1.2GO
ratios. This tendency corroborates the benefit provided by small GO additions to the RC,
mainly the 1RC:0.3GO ratio.

Coatings 2022, 12, x FOR PEER REVIEW 11 of 13 
 

 

follows approximately the pattern observed for charge transfer resistance, the higher val-
ues correspond to the 1RC:0.3GO formulation and the lowest to the 1RC:9.9GO and 
1RC:1.2GO ratios. This tendency corroborates the benefit provided by small GO additions 
to the RC, mainly the 1RC:0.3GO ratio. 

Figure 9. Evolution with the immersion time of (a) Rd and (b) the diffusion length δ. 

The diffusion time constant, τd, relates the diffusion coefficient, D, with the oxygen 
diffusion length, δ, by the expression τd = δ2/D, previously mentioned. Assuming a typical 
value for oxygen diffusion through a polymer about 10−7 cm2·s−1 [41], estimation of δ can 
be performed. The results are shown in Figure 9. As can be seen, roughly the diffusion 
length corresponds to the conversion layer thickness, although certain fluctuation is ob-
served, indicative of the dynamic nature of the process. 

4. Conclusions 
Different amounts of GO were added to a commercial RC in order to assess the opti-

mum formulation range. Based on the results obtained, the following conclusions can be 
drawn: 

The interaction between the gallic acid and the GO led to a decrease in the surface 
charge of the GO particles, even though the zeta-potential values confirm the stability of 
the colloidal suspensions for all the RC:GO ratios. This interaction was also corroborated 
by XRD, where the intensity of the peaks corresponding to the gallic acid markedly de-
creased at higher RC:GO ratios. 

Additionally, the XRD technique was used to identify the main crystalline oxide/hy-
droxide compounds obtained from the rusted steel. They were lepidocrocite γ-FeO(OH) 
and magnetite Fe3O4. The intensity of the peaks for both species strongly decreased when 
they were in contact with the RC. 

The comparative study of the protection properties of all formulations applied on 
rusted steel was performed by EIS. Generally, the impedance decreased with immersion 
time; the only exception was the 1RC:0.3GO ratio, in which impedance values increased 
with time. On the other hand, lower impedance values were obtained for 1RC:0.9GO and 
1RC:1.2GO ratios. 

The electrical equivalent circuit used to model the observed behavior included three 
time constants. The high-frequency time constant was correlated to the dielectric proper-
ties of the conversion layer, the middle-frequency time constant accounted for the corro-
sion process, and the low-frequency time constant was associated with the oxygen diffu-
sion through the layer pores. 

Better behavior was observed for 1RC:0.3GO ratio, followed by the 1RC:0.6GO for-
mulation. The benefit provided by the addition of small amounts of GO can be explained 
by taking into account its 2D morphology that increases the barrier properties. 

 

(a) (b) 

0 2 4 6 8 10 12 14 16 18 20 22
102

103

104

105

106

107

R
d /

 W
·c

m
2

Time / days

 RC
 1RC:0.3GO
 1RC:0.6GO
 1RC:0.9GO
 1RC:1.2GO

0 2 4 6 8 10 12 14 16 18 20 22
0

20

40

60

80

100

d 
/ m

m

Immersion time / days

 RC
 1RC:0.3GO
 1RC:0.6GO
 1RC:0.9GO
 1RC:1.2GO

Figure 9. Evolution with the immersion time of (a) Rd and (b) the diffusion length δ.

The diffusion time constant, τd, relates the diffusion coefficient, D, with the oxygen
diffusion length, δ, by the expression τd = δ2/D, previously mentioned. Assuming a
typical value for oxygen diffusion through a polymer about 10−7 cm2·s−1 [41], estimation
of δ can be performed. The results are shown in Figure 9. As can be seen, roughly the
diffusion length corresponds to the conversion layer thickness, although certain fluctuation
is observed, indicative of the dynamic nature of the process.

4. Conclusions

Different amounts of GO were added to a commercial RC in order to assess the
optimum formulation range. Based on the results obtained, the following conclusions can
be drawn:

The interaction between the gallic acid and the GO led to a decrease in the surface
charge of the GO particles, even though the zeta-potential values confirm the stability of the
colloidal suspensions for all the RC:GO ratios. This interaction was also corroborated by
XRD, where the intensity of the peaks corresponding to the gallic acid markedly decreased
at higher RC:GO ratios.

Additionally, the XRD technique was used to identify the main crystalline oxide/
hydroxide compounds obtained from the rusted steel. They were lepidocrocite γ-FeO(OH)
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and magnetite Fe3O4. The intensity of the peaks for both species strongly decreased when
they were in contact with the RC.

The comparative study of the protection properties of all formulations applied on
rusted steel was performed by EIS. Generally, the impedance decreased with immersion
time; the only exception was the 1RC:0.3GO ratio, in which impedance values increased
with time. On the other hand, lower impedance values were obtained for 1RC:0.9GO and
1RC:1.2GO ratios.

The electrical equivalent circuit used to model the observed behavior included three
time constants. The high-frequency time constant was correlated to the dielectric properties
of the conversion layer, the middle-frequency time constant accounted for the corrosion
process, and the low-frequency time constant was associated with the oxygen diffusion
through the layer pores.

Better behavior was observed for 1RC:0.3GO ratio, followed by the 1RC:0.6GO formu-
lation. The benefit provided by the addition of small amounts of GO can be explained by
taking into account its 2D morphology that increases the barrier properties. Additionally,
the gallic acid may partially reduce the GO (rGO), which has hydrophobic character. If
the GO amount is too high, agglomeration problems can arise, generating a more porous
layer. On the other hand, the presence of higher amounts of rGO provides a major cathodic
surface, which can accelerate the corrosion process.
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