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ABSTRACT: Here, a series of integrated rust conversion agents/
coatings were synthesized by esterification reaction of 3,4,5-
trihydroxybenzoic acid (GA) and triethanolamine (TE). The
structural features, rust conversion ability, and corrosion resistance
of the synthesized rust conversion agents/coatings were analyzed
using the Fourier transform infrared tests, scanning electron
microscopy tests, X-ray diffraction tests, and electrochemical
measurements. It was found that when the mass ratio of TE and
GA was 2:1, the synthesized rust conversion agent/coating has best rust conversion ability and anti-corrosion performance (i.e.,
corrosion current density 7.480 × 10−7 A/cm2). In addition, different from the traditional coatings, the integrated rust conversion
coating developed in this study combines the primer and topcoat of traditional coatings into one, which can significantly increase the
on-site construction efficiency. Furthermore, a new rust conversion mechanism for the optimized rust conversion agent/coating was
proposed. The phenolic hydroxyl functional groups in the rust conversion agent can well chelate with Fe2+/Fe3+ in the original rust
layer and then form macromolecular compounds and dense chelating films inside the coating, which tightly wraps rust and also
prevents the penetration and diffusion of corrosive medium, making them lose the opportunity to interact with each other.

1. INTRODUCTION

The problem of metal corrosion is widespread in all aspects of
social life, bringing great harm and loss to the development of
various industries.1 The research of the corrosion protection
technology has always been valued by scientific researchers in
various countries. According to reports, there are many
methods to protect steel from corrosion, such as the organic
coating,2−5 inorganic coating,6−8 nanocoating,9−11 electro-
chemical protection,12−14 and so on.15−19 Among them, the
organic coatings are the most widely used.
When using the traditional organic coatings, in order to

achieve a better anti-corrosion effect, the strict surface rust
removal treatment is necessary.20 However, the pretreatment
effect is often restricted by factors such as labor intensity, low
efficiency, equipment location, and geometric shape, and it is
often difficult to achieve the requirements of the standard Sa
2.5, resulting in the unguaranteed coating quality.21,22 In
addition, the traditional organic coatings often need to contain
composite anticorrosive pigments such as the lead oxide and
chromate, which have good anticorrosive properties.23

However, their high toxicity is likely to cause harm to the
environment and human health.24,25 Therefore, it is vital to
develop economical, safe, and environmentally friendly rust
conversion agents and corresponding coatings,26−29 which can
be directly applied on the surface of the rust layer.

The traditional rust conversion agent is mainly based on
tannic acid and phosphoric acid.30−35 However, their
significant problem is that the excessive acid introduced will
bring a large number of active groups and reduce the coating
stability and also further corrode the steel matrix. On the
contrary, insufficient acid will bring incomplete rust con-
version.36,37 To this end, this research found that the 3,4,5-
trihydoxybenzoic acid (GA) has many advantages to become
an excellent rust conversion agent. First, it is widely present in
grapes, tea, gallnut, bean pods, and other plants, and more
importantly, its price is low; second, it is a kind of weak organic
acid, and there is no problem of excessive corrosion of steel to
some extent; and third, it contains three hydroxyl functional
groups that can flexibly carry out certain reactions to
strengthen its rust conversion ability. However, its low
solubility limits its wide and effective application.38,39 In
order to make up for the shortcomings of GA and strengthen
its application, this research first found that by modifying the
GA into an ester using triethanolamine (TE), its product has
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excellent solubility and rust conversion ability. As far as we
know, there are few reports on using the GA ester (GAE) as a
rust conversion agent.
The aim of this study is to prepare water-based rust

conversion agents by the esterification reaction of TE and GA.
By optimizing and changing the mass ratio of TE and GA, the
optimized rust conversion agent is obtained. The synthesis and
structure of the optimized rust conversion agent were
confirmed by Fourier transform infrared (FTIR). Then, the
scanning electron microscopy (SEM) and X-ray diffraction
(XRD) were used to study the rust conversion ability of the
rust conversion agent. Finally, the corrosion resistance of the
rust conversion coating containing the optimized rust
conversion agent was studied by the electrochemical test.
The results show that the synthesized rust conversion agent/
coating in this research has excellent rust conversion ability
and corrosion resistance.

2. EXPERIMENTAL SECTION

2.1. Experimental Materials. All materials, such as the
GA, 4-dimethylaminopyridine (DMAP), TE, ethanol, curing
agent, and so forth, were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). All chemicals used in this study are
of analytical grade.
2.2. Synthesis of Rust Conversion Agent. The synthetic

process of the rust conversion agent TE-GAE is shown in
Figure 1. In the process, many proportioned TE-GAE rust
conversion agents were synthesized under the condition of a
different mass ratio of TE and GA. Here, four mass ratios of
TE and GA were selected in this study, and the mass ratios of
TE and GA were 1:1, 2:1, 3:1, and 4:1. In addition, DMAP is
used as the catalyst. Taking the mass ratio of TE to GA 2:1 as
an example, please refer to our previous article for the detailed
preparation process.40

2.3. Preparation of Rust Samples Coated with Rust
Conversion Coating. In this study, 20# steel was chosen as
the rusted substrate. Before using, it was polished with 80, 250,

and 1000 mesh sandpaper, then washed with pure ethanol, and
finally dried. After this, it was exposed to the air for 60 days to
make it rust evenly for use. For rusty 20# steel samples, a metal
brush is used to roughly remove surface floating rust and dust,
they are cleaned with pure ethanol, and then kept dried. After
this, the rust conversion coating was directly and uniformly
coated on the pretreated rust plate at one time. For the specific
coating method and process, please refer to our previous
published article.40 The well-coated samples were dried in a
drying oven at room temperature for 72 h, and then, the
properties of the well-coated samples were analyzed by FTIR,
SEM, potentiodynamic polarization (PDP), and electro-
chemical impedance spectroscopy (EIS).

2.4. Instrumentations and Characterization. In this
study, an FTIR spectrometer (Thermo, USA) was used to
obtain the FTIR spectra. During the testing process, the
scanning wavenumber was set from 4000 to 400 cm−1, and the
tests were carried out at room temperature. In addition, the
fracture surface morphology and microstructure of the
prepared samples were obtained by SEM (HITACHI
S4800). The electrochemical properties of the prepared
samples were analyzed using the PDP test and EIS in 3.5 wt
% NaCl solution on a CHI-660E electrochemical workstation
(Chenhua, China) during many days of immersion, and for
specific test methods, please refer to ref 40.

3. RESULTS AND DISCUSSION

3.1. Characterization of the As-Synthesized Rust
Conversion Agent. In order to verify the production of the
target product, Figure 2 displays the FT-IR spectra of the as-
synthesized rust conversion agents in various mass ratios of TE
and GA. Figure 2a−d respectively corresponds to the as-
synthesized rust conversion agent products when the mass
ratios of TE and GA are 1:1, 2:1, 3:1, and 4:1.
It can be seen from Figure 2a,c,d that there is no

characteristic peak of the ester carbonyl −CO at the
corresponding ratio 1:1, 3:1, and 4:1 of TE and GA, indicating

Figure 1. Synthesis reaction description of the rust conversion agent TE-GAE.
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that the target product is not well generated. In these cases,
because the TE or GA is in an excessive state, the target
product cannot be completely idealized. Moreover, we found
that when the mass ratio of TE and GA is 1:1, 3:1, and 4:1, the
color of the product becomes lighter. In such cases, GA can
react completely, but the unreacted TE in the whole system
increases. At reaction temperatures, many hydrogen atoms on
the hydroxyl groups in TE are replaced by aryl groups and
etherified, which is also confirmed by the formation of ether
bonds on the FITR spectra.
However, it can be seen from Figure 2b that at the position

of 1710 cm−1, the ester carbonyl −CO stretching vibration
absorption peak is clearly generated,41 and the −C−O bond
stretching vibration at 1207 cm−1 is also observed in the ester
group. In Figure 2b, further study found that compared with
the TE and GA, for the TE-GAE (2:1), the position and

intensity of some absorption peaks have changed significantly.
For example, at 3360 cm−1, a strong peak is caused by −O−H
stretching vibration.42 In addition, we can find that the peaks at
the positions of 2952, 2953, and 1207 cm−1 correspond to
the −C−H stretching vibration peak in the −CH3 and −CH2

groups.43,44 In addition to this, the −C−N stretching vibration
peak is also observed at 1475 cm−1, and the absorption peaks
of the substituted benzene ring in TE-GAE are between 772
and 721 cm−1, which is consistent with ref 45. Moreover, a
bending vibration peak in the -O-H plane appears at 1356
cm−1. That is to say, when the mass ratio of TE to GA is 2:1,
the formation of the rust conversion agent TE-GAE is good.

3.2. Analysis of the Rust Conversion Ability.
3.2.1. Analysis of the Color Change Degree of the Rust
Layer. An important criterion for measuring the quality of the
rust conversion agent is the degree of rust conversion, and the

Figure 2. FT-IR spectra of TE, GA, and as-synthesized rust conversion agents with the TE and GA mass ratios of 1:1 (a), 2:1 (b), 3:1 (c), and 4:1
(d).
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degree of blackening of the rust layer after applying rust
conversion agents can explain this problem to a certain
extent.46 It can be seen in Figure 3 that after the rust

conversion agents are well coated on the surface of the rusty
20# steel plate for about 20 min, the surface morphology of the
rusty 20# steel plate has changed significantly. According to
the research of Gust et al., the change in the surface color of
the rusty steel plate largely relies on the reaction between the
rust and rust conversion agent to form other harmless
substances.46 In other words, the conversion degree of the
rust conversion agent can be qualitatively reflected from the
change degree in the color of the original rust layer.
When the mass ratio of TE and GA is 1:1, the surface color

of the rust is almost unchanged, which means that the rust
conversion agent almost does not react with the rust.
Obviously, this situation is due to the fact that no effective
rust conversion agent is produced. In addition, with the mass
ratio of TE and GA reaching 3:1 and 4:1, the color of the
original rusty sheet has changed significantly, but the treated
surface shows obvious roughness and unevenness. On the one
hand, it shows that a certain amount of the rust conversion
agent is generated in this case, which causes the color of the
original rust layer to change. On the other hand, since the TE
content is excessive in these two cases, there are some free
states of TE in the rust conversion agent system, resulting in
the rust conversion agent not being quickly and completely
solidified. During the curing process, there are bubbles oozing
out from the rust conversion agent system. Meanwhile, the
presence of the excessive TE results in poor leveling of the rust
conversion agent to a certain extent. The above-mentioned two
reasons cause the rusty surface to be rough and uneven.
In contrast, when the mass ratio of TE and GA is 2:1, after

the rust conversion agent is well coated on the original rusty
surface, it can be seen that a dense and shiny black protective
film is formed on the rusty surface, which also indicates that
the rust conversion agent can react strongly with rust in some
way. In other words, the degree of rust conversion is the most
obvious in this case, and the protective film produced is
smooth and flat, which is also consistent with the results of
FTIR.
3.2.2. Analysis of the Microstructure of the Rust Layer.

The microstructure of the rusted surface after being treated
using the rust conversion coatings from the perspective of SEM
was also analyzed to illustrate the rust conversion ability.
It can be seen in Figure 4a that the original rust consists of

fine particles and pores of different sizes. XRD test results
found that it mainly consists of the α-FeOOH and γ-FeOOH

(shown in Figure 5), which is the original appearance of the
rusty 20# steel plate.47 When the mass ratio of TE and GA is

2:1 (Figure 4b), the surface crystalline form of the rusted 20#
steel plate disappears, and the surface morphology is
transformed into a dense crack layer with accompanying
bright particles of different shapes and sizes. Compared with
the original rust layer, the porous and rough crystal shape
almost all disappears, and the surface becomes smoother and
more complete.
However, when the mass ratios of TE and GA are 3:1

(Figure 4c) and 4:1 (Figure 4d), α-FeOOH can still be seen in
the rust layer after the rust conversion agent acts. This is due to
the excessive TE in the rust conversion agent which results in
poor leveling and permeability of the rust conversion agent,
which means that it cannot well penetrate into the rust layer,
resulting in only partial conversion of the rust and still a part of
rust exposed to external conditions. In this case, the rust
conversion effect is poor.

3.3. Electrochemical Polarization Measurements. The
polarization curves of the rusted steel and rusted steel plates
treated using the rust conversion coatings are shown in Figure
6. In addition, Table 1 gives the corrosion potential (Ecorr) and
corrosion current density (Icorr) obtained from the standard
Tafel polarization section.

Figure 3. Analysis of the rust conversion degree under different rust
conversion agents. Figure 4. SEM results of the rusty surface before and after being

treated using rust conversion agents.

Figure 5. XRD result for the original rust.
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Compared to the curve for the rusted steel untreated with
TE-GAE, it can be seen that the polarization curves of the
rusted steels treated using TE-GAE clearly shift in the right
down direction, which indicates that the driving force in the
corrosion process is weakened. The Icorr of all treated samples
is less than that of the untreated mildly rusted steel plate
(3.557 × 10−5 A/cm2), and the Ecorr is greater than that of the
untreated mildly rusted steel plate (−0.974 V), indicating that
the coated samples have better corrosion resistance. Analysis of
the reasons can be that this is mainly due to the chelation
reaction between the rust conversion agent and the rust to
form a stable protective film, which has a passivation effect.
In addition, it can be clearly seen that compared to other

rust conversion agents [TE-GAE (3:1) and TE-GAE (4:1)],
the rusted sample coated with TE-GAE (2:1) exhibits a
minimum corrosion current density (7.480 × 10−7 A/cm2) and
a maximum corrosion potential (−0.439 V). Combining the
previous rust conversion degree and surface microstructure, we
believe that the improvement in corrosion performance is
attributed to two aspects. First, at this ratio, the content of the
rust conversion agent is the highest, and accordingly, the
conversion effect of the original rust layer is the best. Second,
under the continuous action of the rust conversion agent, the
original loose rust is converted into harmless chelate fillers,
making the entire rust layer more dense and complete. In this
case, it is difficult for the corrosive medium enter into and
come in contact with the steel substrate.
3.4. Electrochemical Impedance Measurement. The

electrochemical equivalent circuit used in this study is shown
in Figure 7. In this model, Rs is the electrolyte resistance, and
Rc and Cc are the resistance and capacitance of the rust
conversion coatings, respectively. In addition, typical EIS
Nyquist and Bode plots for the untreated and treated rusted
steels using rust conversion coatings during immersion in 3.5

wt % NaCl solution for 1 day are taken, as shown in Figures 8
and 9, respectively.

Compared with the untreated rusted steels using rust
conversion coatings, the corrosion resistance of the treated
rusted steels has been significantly improved. It can be seen in
Figure 8 that the rusted steel treated with TE-GAE (2:1) has
the largest impedance radius and capacitance loop and only
contains a time constant, which indicates that it shows the
most excellent anti-corrosion performance. In this case, the
chelate formed between the rust conversion agent and the rust
is the most stable, and the film formation is the most complete.
However, when the mass ratios of TE and GA are 1:1, 3:1, and

Figure 6. Tafel curves of untreated and treated rusted steels using rust
conversion coatings.

Table 1. Electrochemical Test Results Obtained from Tafel
Plots in Figure 6

specimens Ecorr (V) Icorr (A/cm
2) βa βc

rusty steel plate −0.974 3.557 × 10−5 6.934 7.116
TE-GAE (1:1) −0.561 3.413 × 10−6 10.408 5.134
TE-GAE (2:1) −0.439 7.480 × 10−7 6.157 5.321
TE-GAE (3:1) −0.602 1.449 × 10−6 6.727 8.513
TE-GAE (4:1) −0.595 2.371 × 10−6 10.524 4.375

Figure 7. Electrochemical equivalent circuit used in this study.

Figure 8. EIS Nyquist diagrams of rusted steels treated with/without
rust conversion coatings. Symbol: experimental data, line: fitted data.

Figure 9. EIS Bode diagrams of rusty 20# steel treated with rust
conversion coatings. Symbol: experimental data, line: fitted data.
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4:1, the rust conversion agent contains a large amount of the
unreacted TE. As we know, because TE contains three
hydrophilic hydroxyl groups, it is easily soluble in solvent
water. In other words, the remaining TE in the conversion film
will gradually dissolve during the whole immersion process. In
this case, the dissolution of TE will inevitably affect the
integrity and compactness of the whole rust conversion layer,
and some defects will naturally appear. Once in contact with
the corrosive medium, the corrosive medium will penetrate
along the defect location and diffuse into the inside of the
substrate, which results in the rust conversion layer to weaken
and reduced corrosion resistance.
Meanwhile, the impedance modulus of the anti-corrosion

coating at low frequency of 0.01 Hz is recognized to reflect the
anti-corrosion performance. The larger the value, the better the
early anti-corrosion performance.48,49 According to the Bode
plot in Figure 9, we can find that for the rusted steels that have
not been treated with the rust conversion agent, the low-
frequency impedance value is very small, and it is in an
unprotected state at this time. With the use of the rust
conversion agent, the low-frequency impedance values of the
rusty samples have changed significantly in magnitude. This
also shows that the use of the rust conversion agents has a
significant protective effect on the rusty samples and enhances
its corrosion resistance. In addition, compared with the use of
other rust conversion agents [TE-GAE (3:1) and TE-GAE
(4:1)], when the rust sample is treated with the rust
conversion agent TE-GAE (2:1), its low-frequency impedance
value reaches the order of 104 to 105 Ω·cm2, which is much
higher than other cases. In other words, the rust conversion
layer formed in this case has the best protective effect, which is
also consistent with the test result of the Tafel curve.
In order to further illustrate the performance of the rust

conversion coating TE-GAE (2:1), this study separately treated
the rusted steel using the rust conversion coating TE-GAE
(2:1) and then measured the electrochemical spectra under
different immersion times. Figure 10 shows the results of
Nyquist diagrams.
Obviously, it can be seen from Figure 10 that with the

increase in the immersion time, the capacitive loop kept
shrinking, and the semicircle diameter kept decreasing, which
indicates that the resistance of the rust sample decreases during

the immersion process. In addition, after immersion for 30
days, the Nyquist diagram still shows a single capacitance arc,
and the shape hardly did not change significantly. However,
compared to the case of immersion for 1 day, the reduction in
the impedance modulus is still very significant, exceeding 2
orders of magnitude. However, on the other hand, for the cases
of immersion for 14 days and 30 days, the impedance modulus
of the two is relatively close. This phenomenon explains at
least two problems. One is that the corrosion mechanism has
not changed during the entire immersion, and the other is that
the anti-corrosion properties of the coating formed by a single
rust conversion agent are still not durable in the short term.
With the continuous intrusion of corrosive medium, the rust
conversion layer with anti-corrosion properties is continuously
destroyed. However, with the continuous action of the rust
conversion agent, the anti-corrosion properties of the entire
sample will not continually deteriorate and gradually reach
stability in the long term. Of course, we all know that a
qualified anti-corrosion coating must also contain other
additives, such as film formers, dispersants, and so forth.
Figure 11 shows the Bode diagram of the rust sample treated

with the rust conversion agent TE-GAE (2:1). Generally, as

immersion time increases, the impedance modulus kept
decreasing, but the decrease magnitude of the impedance
modulus gradually decreases. Moreover, after 14 days and 30
days of immersion, the impedance modulus of the two samples
is very close, which shows that the impedance of the rust
conversion layer has basically reached a stable level. This is
consistent with the results of the Nyquist diagrams.

3.5. Mechanism of Rust Conversion and Anti-
corrosion of Rust Conversion Coating. In order to explore
the mechanism of rust conversion and anti-corrosion of the
integrated rust conversion coating, this study further analyzed
the FTIR spectra of original rust and rust treated using the rust
conversion coating, as shown in Figure 12.
It is obvious that for the rust in Figure 12a, the peak at 3448

cm−1 corresponds to the peak of −O−H tensile vibration. In
addition, the absorption peaks of γ-FeOOH at 1021 cm−1 and
Fe3O4 at 546 cm

−1 can be observed. In addition to this, at 1654
cm−1, the tensile vibration peak of α-FeOOH is also observed.
On comparing Figure 12b with Figure 12a, it can be seen that

Figure 10. EIS Nyquist diagrams of rusted steel treated using the rust
conversion coating containing the TE-GAE (2:1) after immersion of
1, 14, and 30 days. Symbol: experimental data, line: fitted data.

Figure 11. EIS Bode diagrams of rusted steel treated using the rust
conversion coating containing the TE-GAE (2:1) after immersion of
1, 14, and 30 days. Symbol: experimental data, line: fitted data.
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the absorption peaks of γ-FeOOH at 1021 cm−1 and Fe3O4 at
546 cm−1 disappeared. Meanwhile, the tensile vibration peak of
α-FeOOH at 1654 cm−1 is also weakened or even disappeared.
However, we can clearly find that the strong peak of −O−H at
3448 cm−1 in Figure 12a is weakened, and it is transferred to
the position of 3422 cm−1 in Figure 12b, which means the
decrease in −O−H, indicating that certain chelate reactions
take place between the rust conversion agent and Fe2+/Fe3+. In
this case, the γ-FeOOH, Fe3O4, and α-FeOOH in original rust
can be converted to form some large chelates, preventing
further diffusion of rust. On further comparing Figure 12b with
Figure 12c, it is found that the peak intensity of −O−H at
3369 cm−1 is significantly weakened, and two new peaks are
generated at 1208 and 1384 cm−1. In addition, the
disappearance of the stretching vibration peak of −C−N at
1475 cm−1 indicates that the lone pair of electrons on the N
atom can act with Fe2+/Fe3+ to form a new bond, which further
strengthens the stability of the formed chelate with the Fe−O−
C bond.
Based on the FT-IR result, the following mechanism of the

rust conversion coating is proposed, as shown in Figure 13.
First, the rust conversion agent contains three phenolic
hydroxyl functional groups, of which the oxygen atoms in
the two phenolic hydroxyl functional groups contain two lone

pairs of electrons. By interacting with electrons on the d orbital
of iron atoms, it can well chelate with Fe2+/Fe3+ in the form of
Fe−O−C bonds to form macromolecular compounds, which
have a stable six-member network structure and are densely
distributed on the rust layer inside. Second, the remaining
phenolic hydroxyl group in the rust conversion agent can also
cooperate with the lone pair of electrons on the N atom to
chelate with Fe2+/Fe3+, which further enhances the stability of
the converted product.
Once the above-mentioned action mechanism has occurred,

it will inevitably bring two results. On the one hand, the iron
ions in original rust will be tightly bound inside the rust
conversion agent, making them lose the opportunity to interact
with corrosive medium. On the other hand, the entire original
rust layer will be tightly wrapped as harmless fillers by the rust
conversion agent and form macromolecular iron compounds.
As shown in Figure 14, it can be seen that after being treated

with the rust conversion agent, it converts the original layer
from a porous structure to a plane dense structure. In other
words, the formation with plane dense structure compounds
makes the entire surface and cross-sectional morphology
smooth and compact, and the defect locations are significantly
reduced. In such case, the diffusion path of corrosive medium
is lengthened and prevented.

Figure 12. FT-IR spectra: (a) original rust; (b) rust treated with TE-
GAE; and (c) rust converter TE-GAE.

Figure 13. Anti-corrosion mechanism of the rust conversion agent.

Figure 14. Cross-sectional morphology after treatment with rust
conversion coating.
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4. CONCLUSIONS

A water-based, eco-friendly, and high-efficiency integrated rust
conversion agent/coating was successfully synthesized, which
has excellent chelating ability, rust conversion ability, and
corrosion resistance. FT-IR results showed that the rust
conversion agent can chelate with Fe2+/Fe3+ in original rust to
form stable macromolecular iron compounds containing Fe−
O−C bonds, which effectively prevented corrosive medium
from entering the steel matrix. SEM results show that the loose
and porous rust layer is transformed into compact and flat
compounds after being treated with the rust conversion agent,
and the content of α-FeOOH and γ-FeOOH in original rust is
significantly reduced, indicating that the conversion effect of
the rust conversion agent/coating is remarkable. Meanwhile,
the rust conversion agent has better permeable ability, which
can well enter into the original rust layer and wrap the original
rust. Therefore, the rust conversion agent/coating improves
the adhesion and corrosion resistance of rusty steel and can be
used to make multi-purpose composite coatings.
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