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Abstract: In this study, pH-sensitive hydroxyapatite particles loaded with tannic acid were incorpo-
rated in polyolefin-based coatings for the corrosion protection of carbon steel. Transmission electron
microscopy (TEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and
thermogravimetric analysis (TGA) were used to characterize the hydroxyapatite particles loaded with
tannic acid (Tannic-HAP). Electrochemical impedance spectroscopy (EIS) was employed to study the
protective performance of the reference and modified polyolefin coatings. The results suggest that
modified coatings showed improved corrosion performance compared to the unmodified coatings.
The combination of tannic acid and hydroxyapatite contributed to a more effective protection of
coated carbon steel.

Keywords: tannic acid; protective coating; polyolefin; hydroxyapatite; carbon steel; corrosion

1. Introduction

One of the most effective ways to control corrosion is by the application of organic
coatings. Anti-corrosion coatings are typically thick, applied on several layers, and imper-
meable against aggressive species, providing an effective physical barrier between the bare
metal and the external environment. Nevertheless, coatings always contain pores, pinholes,
and other defects that create preferential paths for the uptake of moisture, oxygen, and
aggressive species. Over time, these species may reach the bare metal and corrosion starts,
inducing local coating degradation and further corrosion propagation. This problem can
be more serious when the coated steel is damaged.

To mitigate corrosion propagation, coatings must be modified with anti-corrosion
pigments. These pigments must ensure that corrosion is efficiently inhibited especially
when the coating is damaged. Over many years, different chromate-containing pigments
were well-established corrosion inhibitors but in the early 21st century, many regulations
started to restrict their use due to their high toxicity and carcinogenic effects [1–3]. As a
consequence, important research efforts have been made in the search for novel and more en-
vironmentally friendly corrosion inhibitors. Over the past two decades, several alternative
inorganic inhibitors [4–6] have been investigated such as molybdates [7], vanadates [8], per-
manganates [9], and different rare earth metals such as lanthanum [10] and cerium [11]. In
addition, several organic [12–14] inhibitors were examined such as 8-hydroxyquinoline [15],
benzotriazole [16], amines [17], carboxylic acids [18], mercaptobenzothiazole [19], salicy-
ladoxime [20], and quinaldic acid [21]. However, some of these inhibitors are also under
straight vigilance and some are already considered non-recommended ones. This means
that the search for effective, environmentally friendly, and non-toxic corrosion inhibitors is
still an actual and dynamic research field, particularly relevant to enable new generations
of highly effective anti-corrosion coatings.

An easy way to formulate an anti-corrosion coating consists of the direct addition of
the corrosion inhibitors directly into the coating formulation. Although this procedure
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is well established for many conventional inorganic anti-corrosion pigments, unwanted
side effects may arise when new inhibitors, particularly organic ones, are introduced in the
coating formulations. These unwanted interactions may induce changes in the polymer
matrix, weakening its barrier properties. Moreover, it is of paramount importance to avoid
changes in the chemical nature of the inhibitor (e.g., due to side reactions with species
present in the coating formulation) and to control early inhibitor de-activation or leaching
from the coating. To minimize these effects, one possible route is the storage of the corrosion
inhibitors in inorganic carriers with good compatibility with the coating formulation. These
carriers are expected to sense certain stimuli in the coating or steel coating interface and
use them to control the inhibitor delivery [22].

Molecules serving as organic inhibitors usually contain groups with nitrogen, oxygen,
or sulfur, and therefore π electrons that play a key role in the adsorption of the inhibitors
onto the metal surface where they can form protective layers that restrict the flow of
aggressive species. The effectiveness of corrosion inhibition depends on several factors
such as the condition of the metal surface, nature of the aggressive electrolyte, inhibitor
concentration, and chemical nature of the inhibitor [13,23].

In the present work, a new anticorrosive system for carbon steel is proposed. The
protective system consists of a polyolefin-based coating loaded with pH-sensitive hydrox-
yapatite (HAP) particles serving as carriers for tannic acid. The use of pH-sensitive HAP
particles has a twofold role: on the one hand they dissolve slowly at a slightly acidic pH,
releasing the tannic acid from the loaded carrier, and, on the other hand, they provide a
source of soluble phosphate anions that contribute to forming protective phosphate-rich
iron compounds. The dissolution is enabled by the local pH acidification that occurs at
anodic sites due to hydrolysis of the iron cations [24]. Another important advantage is the
low price of HAP particles that are also simple to prepare, non-toxic, and easily loaded
with different organic corrosion inhibitors as reported elsewhere [25].

Tannic acid is a well-known corrosion inhibitor that can be derived from bio-renewable
resources. This inhibitor has demonstrated interesting anti-corrosion properties when used
as an additive in different coatings such as polyurethane [26,27]. Thus, in this work, the
novel approach consists of the modification of HAP with tannic acid (an eco-friendly
corrosion inhibitor) and its incorporation into a polyolefin formulation to enhance the
corrosion protection performance.

The anti-corrosive performance of coated steel samples with and without artificial
defects was studied in NaCl electrolytes using electrochemical impedance spectroscopy
(EIS). The results demonstrate that the presence of HAP particles loaded with tannic acid
in the coating delays the propagation of corrosion and, in the longer term, can provide
effective corrosion protection.

2. Experiment
2.1. Materials and Chemicals

The following reagents were purchased from Sigma Aldrich: calcium nitrate tetrahy-
drate (99% purity), ammonium hydrogen phosphate (98% purity), tannic acid, ethylenedi-
aminetetraacetic acid, and its disodium salt dihydrate. Sodium chloride was purchased
from Carl Roth whereas absolute ethanol was ordered from AppliChem Panreac. All
solutions were prepared using Deionized Millipore™ grade water. Commercial carbon
steel plates (DC01 steel) were used.

2.2. Preparation of Tannic Acid-Loaded HAP Particles
2.2.1. Synthesis of Hydroxyapatite

Hydroxyapatite particles were synthesized according to a previously reported pro-
cedure [28]. In the first step, 0.2 g of EDTA and 0.2 M calcium nitrate were mixed and
sonicated for 10 min. Then, 0.11 M ammonium hydrogen phosphate was poured slowly
into the above-prepared solution using the IKA® Ultra Turrax® T18 at room temperature.
The resulting solution was kept in a water bath for 4 h, at 60 ◦C. The pH of the solution
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was adjusted to 12 using NaOH to enable precipitation. The precipitate was collected after
4 h and washed thoroughly with DI water and ethanol. The obtained particles were dried
in the oven for 24 h at 50 ◦C and stored in a dry environment.

2.2.2. Loading of HAP Particles with Tannic Acid

Tannic acid was added to the 0.11 M ammonium hydrogen phosphate which also
allows for better control of the morphology of HAP particles. After this step, the synthesis
followed the same route as mentioned in Section 2.2.1.

2.3. Preparation of Polyolefin-Coated Carbon Steel Samples

Carbon steel samples were cut in 4 × 5 cm2 standard size plates from the 0.7 mm thick
commercial DC01 steel sheets. In a prior coating procedure, steel samples were degreased
in acetone for 10 min under sonication and dried.

A polyolefin-based formulation, based on a commercial product (the detailed coating
formulation cannot be disclosed due to commercial property) and adopted for research
purposes was used to coat the steel samples. Two sets of coating were prepared. The first
set was a blank (reference) coating, without any anti-corrosion pigments. The second one
was the modified coating that contained 5 wt.% of tannic acid-loaded HAP particles. The
modified coating solution was left overnight, and the steel samples were coated the next
day using the dip-coating method. The curing of all coated samples was performed at
150 ◦C in an oven for 20 min.

3. Physicochemical Study of Particles and Coated Samples
3.1. Transmission Electron Microscopy

The blank and tannic acid-loaded HAP particles were characterized using a Hitachi
H8100 transmission electron microscope at 200 kV.

3.2. X-ray Diffraction

Phase identification of the HAP particles before and after loading with tannic acid was
performed by X-ray diffraction using a Bruker AXS-D8 Advance powder Diffractometer
and the Cu-Kα radiation source (λ = 0.150619 nm).

3.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR measurements were performed both on the blank and tannic acid-loaded HAP
particles to further detail the chemical composition. A spectrometer equipped with Pike
Technologies Miracle® ATR accessory at 8 cm−1 resolution was used for the experiments.

3.4. Thermogravimetric Analysis (TGA)

TG/DTG profiles were obtained to determine the amount of tannic acid-loaded in
the HAP particles. A HITACHI STA7200 apparatus, at a heating rate of 10 ◦C·min−1 from
25 ◦C to 1000 ◦C, was used in a nitrogen atmosphere to carry out the experiments. Total
organic carbon content, used for calculation of the tannic acid release at different pH values,
was obtained employing the TOC analyzer Formacs™.

3.5. Electrochemical Studies
Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements were carried out using
a Gamry 600+ Potentiostat in a Faraday cage to avoid electromagnetic interference. The
experiments were performed in triplicate, in the frequency range of 50 kHz to 5 mHz in
0.05 M NaCl. The spectra were obtained under open circuit potential using a sinusoidal
perturbation of 10 mV (rms) in a 3-electrodes electrochemical cell. It consisted of a Pt spiral
serving as counter electrode-, a saturated calomel electrode (SCE) as reference electrode-,
and the working electrode (coated steel samples). Studies were carried out on intact coatings
and previously damaged coatings. The damage was a round defect of approximately
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200 µm, created with a sharp knife. The size of the defect was controlled by optical
microscopy. The aim was to achieve a well-controlled fast-track for corrosion propagation
and its inhibition.

4. Results and Discussion
4.1. Characterization of the Hydroxyapatite Particles

Figure 1a,b show the TEM images of hydroxyapatite particles without and with tannic
acid, respectively. The blank hydroxyapatite particles consist of packed nanorods with sizes
varying from 50–150 nm that tend to form clusters with sizes up to several micrometers.
Tannic acid-loaded HAP particles (Figure 1b) are thinner and longer compared to the blank
HAP particles (Figure 1a). In fact, due to the shape and size of the thin rods, a larger
quantity of corrosion inhibitors can be filled inside the rod-like particles. When the particles
are loaded with tannic acid, this one seems to uniformly cover the particles. The amount of
tannic acid loading will be discussed below in light of the TGA analysis.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 5 of 12 
 

particles are evidenced in three regions: the first one at a lower temperature is due to water 
loss; the second region corresponds to the degradation of tannic acid; and the third one is 
due to the decomposition of HAP particles at higher temperatures. The TGA results 
allowed to estimate the tannic acid content in the HAP particles that was approximately 
11%. This reveals a very interesting corrosion inhibition loading. 

 
Figure 1. TEM images of (a) blank HAP particles, (b) HAP particles loaded with tannic acid, and (c) 
XRD analysis for blank and tannic acid-loaded HAP. 

 
Figure 2. (a) FTIR for tannic acid, blank HAP, and tannic acid-loaded HAP; (b) TGA for blank HAP, 
tannic acid, and tannic acid-loaded HAP. 

Release from the Particles 
The dissolution of the hydroxyapatite particles is a complex process. These particles 

are expected to dissolve below pH 4, releasing the corrosion inhibitor; however, the 
process shows some reversibility. As the pH decreasing reversibility is more difficult and 
in the pH range below 3.5, no solid products are expected, as demonstrated in a previous 
work [25]. Figure 3 shows that the release of tannic acid occurred in all pH ranges, 
including in the weak alkaline region. A significant increase in the inhibitor release was 
observed when the pH decreased below 3 and a complete release (and dissolution) of the 
particles was observed. Although hydroxyapatite particles are not supposed to dissolve 
above pH 8, the release of tannic acid was also observed. This effect may be due to the 
release of the superficial inhibitor adsorbed on the surface or in the pores of the 

Figure 1. TEM images of (a) blank HAP particles, (b) HAP particles loaded with tannic acid, and
(c) XRD analysis for blank and tannic acid-loaded HAP.

XRD was performed to study the structural properties of bare HAP particles and tannic
acid-loaded HAP particles. The XRD results (Figure 1c) revealed the main crystalline peaks
of blank hydroxyapatite particles which were in good agreement with pure hydroxyapatite
particles according to the JCPDS card number 09-0432. The aligned peaks were (002), (102),
(210), (211), (112), (202), (310), (213), and (004), and the main peaks were (002), (211), and
(112) which can be assigned to the characteristic peaks for the HAP particles [29]. The same
peaks were present in tannic acid-loaded HAP particles. Since tannic acid is non-crystalline,
it can be assumed that the introduction of tannic acid in HAP particles is responsible for
the changes in crystal planes and therefore, broader peaks were observed in the case of
tannic acid-loaded HAP.

The presence of tannic acid was confirmed by ATR-FTIR (Figure 2a). Well-defined P-O
stretching bands were located at 1056 cm−1, 1085 cm−1, and 1096 cm−1. O-P-O bending
bands were also found near 660 cm−1 and 520 cm−1 [30]. Near 3570 cm−1 and 632 cm−1, it
is possible to identify the stretching and bending bands of O-H [31].
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In the case of tannic acid-loaded HAP particles, O-H bands were observed near
3325 cm−1. The bands near 2710 cm−1 and 1698 cm−1 correspond to the asymmetric
stretch of C-H and C=O stretch, respectively. Aromatic C-O symmetrical stretch bands
were detected near 1606 cm−1. The bands spotted in the range 1443–1532 cm−1 can be
assigned to aromatic C=C. The asymmetrical stretch of aromatic C-O is located at 1307 and
1177 cm−1. C-O-C stretch bands were found near 1016 cm−1. The band near 754 cm−1

corresponds to C-H. The fingerprints of tannic acid agreed with the expected bands for the
pure tannic acid [32].

TG measurements were carried out to quantify the amount of tannic acid in the HAP
particles and to study the thermal stability of the particles (Figure 2b). HAP particles
showed thermal stability until 1000 ◦C. In the first step, mass losses assigned to loss
of water, CO, CO2, and breakdown of high molecular weight phenols into small chain
fragments were expected. HAP particles may enter phase transformation into various
phosphate groups after 600 ◦C, as previously discussed [28]. Tannic acid decomposition
starts at 150 ◦C and it is expected to decompose until 600 ◦C [33]. Tannic acid-loaded HAP
particles are evidenced in three regions: the first one at a lower temperature is due to water
loss; the second region corresponds to the degradation of tannic acid; and the third one
is due to the decomposition of HAP particles at higher temperatures. The TGA results
allowed to estimate the tannic acid content in the HAP particles that was approximately
11%. This reveals a very interesting corrosion inhibition loading.

Release from the Particles

The dissolution of the hydroxyapatite particles is a complex process. These particles
are expected to dissolve below pH 4, releasing the corrosion inhibitor; however, the process
shows some reversibility. As the pH decreasing reversibility is more difficult and in the pH
range below 3.5, no solid products are expected, as demonstrated in a previous work [25].
Figure 3 shows that the release of tannic acid occurred in all pH ranges, including in the
weak alkaline region. A significant increase in the inhibitor release was observed when
the pH decreased below 3 and a complete release (and dissolution) of the particles was
observed. Although hydroxyapatite particles are not supposed to dissolve above pH 8,
the release of tannic acid was also observed. This effect may be due to the release of the
superficial inhibitor adsorbed on the surface or in the pores of the hydroxyapatite particles.
This release of inhibitor may introduce some early leaching decreasing the availability of
the inhibitor at the later stages of corrosion.
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4.2. Corrosion Performance of Polyolefin Coated Steel Modified with Tannic Acid-HAP Particles
Electrochemical Impedance Measurements

EIS was used to investigate the barrier properties of reference coatings and coatings
modified with HAP particles loaded with tannic acid. Changes in the high-frequency range
can be correlated to the coating porosity and presence of defects or small pinholes. The
coated steel samples were immersed for 30 days in 0.05 M NaCl. The thickness of the
produced modified coatings and reference coatings was 18 ± 0.5 µm and 20 ± 0.5 µm,
respectively.

Figure 4 shows sets of representative EIS Bode plots, obtained on the reference (blank
polyolefin coating without additives) and modified coatings after immersion in 0.05 M
NaCl for 30 days.
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Both coatings showed a very stable high-frequency capacitive loop from the early
stage of immersion. The phase angle was more negative than −80◦ and approached −90◦

above 100 Hz for the modified coating. The same trend was observed for the blank coating
but only above 1 kHz. The wider frequency range displaying phase angles close to −90◦

confirms the better barrier properties of the modified coating and accounts for a lower
porosity compared to the blank coating. The overall impedance of the blank coating showed
very stable values, around 107 Ohm·cm2, since the start of the immersion test until its end.

The modified coatings behaved differently. The initial impedance values were above
108 Ohm·cm2 and decayed slowly, remaining above 107 Ohm·cm2 at the end of 30 days of
immersion. Overall, this coating also showed very stable barrier properties, and the EIS
results evidenced that the presence of HAP particles loaded with tannic acid did not have
any detrimental effects.

To better detail the corrosion inhibition efficacy of the HAP loaded with tannic acid, a
round-shaped defect, with a diameter of around 200 µm and reaching the bare metal, was
created in the coated steel samples. The samples were studied for 5 days in 0.05 M NaCl.
As expected, both coatings revealed a strong drop in the impedance values compared to
the intact coatings—Figure 5. The high-frequency barrier was disrupted, and at medium
frequencies, the time constant present in all the spectra can be assigned to the faradaic
processes that occur at the steel interface. In both cases, at low frequencies, an incipient
time constant points out the presence of mass transfer-controlled corrosion activity. The
impedance values for both coatings were slightly different. The blank coating revealed
impedance values around 105 Ohm·cm2 that slowly decayed to half of this value after
5 days of immersion, while the modified coating showed impedance values initially around
106 Ohm·cm2 that evidenced some fluctuations and a small drop after 5 days of immersion.
Overall, the modified coating revealed impedance values that were approximately one
order of magnitude above the blank coating, stating its superior corrosion protection
performance. This was confirmed by the fitting results presented below in Figure 6c. These
results demonstrate that even in the presence of a defect in the coating, the addition of
HAP modified with tannic acid can slow down the corrosion activity and, consequently,
the extent of the damage.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 12 
 

 
Figure 5. EIS Bode plots for the (a) reference coating and (b) coating modified with HAP particles 
loaded with tannic acid during immersion in 0.05 M NaCl with an artificial defect. 

To better quantify the differences between the two non-damaged coatings, the 
spectra were simulated using the equivalent circuit presented in Figure 6. This equivalent 
circuit reflects two-time constants. The high-frequency time constant was introduced to 
account for the high-frequency barrier properties, while the CPEdl and Rct were used to 
simulate the low-frequency response, i.e., the interfacial activity at the steel coating 
interface. Constant phase elements (CPE) were used instead of capacitors. The fitting 
results are depicted in Figure 7. 

 
Figure 6. The equivalent circuit used to fit the experimental EIS data. 

Figure 5. EIS Bode plots for the (a) reference coating and (b) coating modified with HAP particles
loaded with tannic acid during immersion in 0.05 M NaCl with an artificial defect.



Appl. Sci. 2022, 12, 10263 8 of 11

To better quantify the differences between the two non-damaged coatings, the spectra
were simulated using the equivalent circuit presented in Figure 7. This equivalent circuit
reflects two-time constants. The high-frequency time constant was introduced to account
for the high-frequency barrier properties, while the CPEdl and Rct were used to simulate the
low-frequency response, i.e., the interfacial activity at the steel coating interface. Constant
phase elements (CPE) were used instead of capacitors. The fitting results are depicted in
Figure 6.
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Figure 6a,b evidenced higher values of pore resistance and lower admittance values
for the blank coating compared to the modified coatings.

The faradaic resistance values determined by fitting evidenced significant differences.
In the modified coating (Figure 6c), the faradaic resistance increased after the first day of
immersion attaining values around 1 MOhm.cm2 and being very stable over the 5 days of
testing. Concomitantly, the admittance of the CPE (Figure 6d) also remained stable and
more than one order of magnitude below that of the blank coatings (Figure 6b).

Contrarily, the faradaic resistance in the blank coating showed a monotonous drop,
decaying from 100 kOhm.cm2 to 5 kOhm.cm2 (Figure 6c). The trends observed in Figure 5
demonstrated that the modified coatings provide very effective barrier properties, with a
higher and stable pore resistance as well as marked corrosion inhibition. It is observed that
the faradaic resistance is more than one order of magnitude higher in the modified coating,
evidencing that the corrosion process is effectively inhibited.

The positive effects related to modification of the coating with HAP loaded with tannic
acid can be summarized as follows: the particles are compatible with polyolefin coatings
and do not disrupt the original barrier properties. When the electrolyte and chloride
ions reach the bare steel corrosion starts, local pH changes occur. Thus, the pH increases
at the cathodic sites, while at the anodic sites the pH acidifies as a consequence of iron
cations hydrolysis. HAP is sensitive to pH and may enter a slow dissolution process, as
previously reported elsewhere [25]. During this process, the inhibitor can be released
from the particles leading to the formation of protective species over the exposed steel.
Additionally, phosphate ions released from HAP dissolution may form stable and protective
compounds with iron hydroxides blocking anodic activity. These processes contribute
to decreasing the corrosion activity in intact coatings, as observed in Figure 5. In fact, in
non-damaged coatings, corrosion is likely to start at the bottom of the natural pores and the
subsequent accumulation of protective species, including iron phosphate compounds, can
block those small pores, significantly delaying corrosion propagation. However, when the
coating is artificially damaged, corrosion is expected to start immediately after immersion,
and due to iron cation hydrolysis, important acidification is likely to occur at the early
stages. Under these conditions, the particles start to dissolve, releasing tannic acid that
forms complexes onto the exposed surface, thus delaying corrosion activity. Concurrently,
the formation of iron phosphate compounds will promote the formation of protective
products.

5. Conclusions

This study demonstrates that hydroxyapatite particles can be loaded with a relatively
high amount of tannic acid, an eco-friendly corrosion inhibitor. This system carries potential
to be used as an anti-corrosion pigment in polyolefin coatings. The presence of the loaded
particles does not damage the barrier properties of the coating that remain very stable as
confirmed by electrochemical impedance spectroscopy. The anti-corrosion properties of
the modified coating are evidenced by the increased and stable low-frequency impedance
values that were more than one order of magnitude above those of the blank coating.
Results obtained for artificially damaged coated samples reveal that the hydroxyapatite
particles loaded with tannic acid can delay corrosion propagation at the early stages.
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