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Abstract: An anticorrosive coating of post-consumer polyethylene terephthalate (PET) was applied

on carbon steel by using an industrial press. The PET layer showed a good adhesion on the substrate,

evaluated by using a pull off test, when compared with the traditional organic coatings. In addition,

scanning electron microscopy (SEM) analysis showed that the PET layer was uniform, homogeneous,

and free of cracks or defects. The Fourier-transform infrared spectroscopy (FTIR) and differential

scanning calorimetry (DSC) proved that the PET properties were not affected by the deposition

process. The PET organic coating is a promising coating, due to its corrosion resistance evaluated

by using salt spray tests, even though the applied thickness of 65 µm was considered thin for a

high-performance coating. The electrochemical impedance spectroscopy (EIS) showed that the PET

coating has a capacitive effect and its electrochemical behavior was not affected as the exposure time

increased, resulting in an impedance modulus value of 1010
Ω·cm2, after 576 h of immersion in an

aqueous solution of NaCl 3.0 wt %.

Keywords: corrosion; electrochemical impedance spectroscopy (EIS); organic coatings; polyethylene

terephthalate (PET)

1. Introduction

An alternative contribution to solve the problem of urban solid waste (USW) is to use solid

polymeric waste to develop coatings for steels [1]. Carbon steel has excellent mechanical properties

and low cost but has some disadvantages such as low wear and corrosion resistance in various

media [2]. The most employed method to protect the carbon steel against corrosion process has been

the organic coatings. Polymeric layers are applied on the carbon steel to avoid the contact between

metallic surface and the aggressive environment. The barrier protection conferred by the polymeric

coatings can be associated to their water uptake property [3–10].

The organic coatings based on polyester, epoxy, and polyurethane resins, which present a lower

water uptake value compared to alkyd resins, are widely used. Nevertheless, for long exposure time,

the absorbed water reaches the metal and the corrosion process is established. In order to retard

this process, thick films (from tens of µm to a few mm) of these organic coatings are applied on the

substrate, thus causing an increase in the total cost of this project [8–15].

Lins et al. [1] demonstrated that post-consumer commingled polymer (PCCP) coatings on carbon

steels can be produced by thermal spraying and investigating their erosion behavior. Literature

reports the use of post-consumer tires to develop sustainable polymeric composite materials which are
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characterized by good mechanical and functional properties [3]. Çinar and Kar [4] mixed PET waste

particles in a screwed extruder with marble dust to produce a composite material.

Municipal solid waste management has received a great deal of attention as countries such as

India, which produces an estimated quantity of 50–600 million tons of urban solid waste annually [5].

The municipal solid waste is mainly composed of metals, glass and plastics. The municipal solid

waste of Bangalore, India, contains 6.23% of plastics [5]. In 2016, 27.1 million tons of plastic waste was

collected through official schemes in the EU28 plus Norway and Switzerland to be treated, and for the

first time, more plastic waste was recycled than landfilled [6].

One of the main components of plastic fraction of USW is the polyethylene terephthalate (PET)

which is one of the most versatile polymers available, which makes it the most produced and used

polymer worldwide [7,8]. PET has characteristics such as flexibility, transparency, good adhesion, low

permeability to liquids and gases, high thermal resistance and low cost, all of which enable PET to

be an excellent candidate for a protective coating with low thickness [8–11]. Literature reports PET

deposition on steels by using low-velocity flame spray technology [9].

In this work, post-consumer PET was deposited on carbon steels by using mechanical deposition.

Mechanical PET deposition presents simplicity, lower cost in relation to the thermal spraying, and was

not found in literature to the best of our knowledge. The process of comminution of PET from the

post-consumer bottles until a powder of the desired granulometry is not a simple process; one reason

for this relies on the fact that PET is hygroscopic. Based on the obtained results, a procedure was

developed for the comminution of PET from the post-consumer bottles, which has proved to be very

efficient. The effect of the mechanical deposition on the PET structural and thermal properties was

investigated by FT-IR spectroscopy and differential scanning calorimetry (DSC) measurements. The

protection properties provided by the PET coatings were evaluated by using electrochemical impedance

spectroscopy (EIS) analysis and exposure in the neutral salt spray chamber (NSST, according to the

ASTM B117 [12] and ISO 9227-2017 standards [13]). The obtained results have been compared with

literature data of pristine paints employed for corrosion protection purposes. In addition, adhesion

tests were performed by the pull-off test, in order to characterize the interaction between PET coating

and steel substrate.

2. Materials and Methods

2.1. Materials

The post-consumer PET bottles were collected from household waste; the labels and the lid were

removed and discarded. The bottles were washed in soapy water. The grinding process allowed a

yield of 85% of the overall use of the bottle; only the top and bottom of the bottles were not used.

The substrate used was Q-Panel type R steel with dimensions 80 mm × 40 mm × 1 mm. The

composition of this carbon steel was 0.15 C, 0.60 Mn, 0.030 P, 0.035 S (wt %). Prior to deposition, a blast

pre-treatment of the steel samples was used, creating a roughness profile on the carbon steel surface

(Rz) of approximately 20 µm. An SBC 350 sandblasting machine (Nova, Rehovot, Israel) was used

with Garnet filter sand. After this process, the plate was washed with acetone in an ultrasonic bath for

2 min and dried with clean air.

2.2. Deposition Process

The amount of 0.8 g of PET ground with particle size of approximately 0.07 mm was deposited on

carbon steel. The set was placed in the press for heating at 260 ◦C for 5 min without pressure; there

after a pressure of 0.5 ton was applied for 2 min. The material remained in the press and was cooled

for 5 min. The coated steel was then removed from the press and conditioned at room temperature for

24 h. The PET coating thickness was 65 ± 5 µm.
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2.3. Coating Characterization

The morphology of the coating was examined by using scanning electron microscopy (SEM),

with a FEG-Quanta 200 FEI equipment (FEI Company, Fremont, CA, USA). The coated steel was

also characterized by using Fourier transform infrared spectroscopy employing an attenuated total

reflection (ATR) geometry, by means of Varian 4100 Excalibur Series equipment (Santa Clara, CA,

USA). The wavelength range was 500–4000 cm−1 and the resolution of 4 cm−1. The powder and PET

coating are from the same batch before and after pressing in Caver laboratory press, model 2699, Ser.

No. 2699-12748, Fred S. carver Inc., Wabash, IN, USA.

The differential scanning calorimetry (DSC) test was performed using the Mettler DSC30 (Mettler

Toledo, New York, NY, USA) equipment in three cycles, with heating from 0 to 300 ◦C under a nitrogen

flow of 10 mL·min−1, followed by cooling and heating from 0 to 300 ◦C, at a heating rate of 10 ◦C min−1.

Thermal analysis provided the glass transition temperature (Tg), crystallization temperature (Tc) and

melting temperature (Tm). The crystallinity value (χc) was calculated by using the values of the

endothermic melting peak using the Equation (1):

χc =
∆Hm

∆H0
m

(1)

where ∆Hm is melting enthalpy, and ∆H0
m the melting enthalpy for polyethylene terephthalate,

considered 140 J·g−1 [14].

The adhesion of the coating was evaluated by using the pull-off test according to the ASTM

D4541 standard [15]. Dollies of 20 mm were glued on the plate coated with Huntsman Araldite 2000

glue; the cure occurred in a period of 24 h. The equipment used was a De Felsko PosiTest AT-M

(Ogdensburd, NY, USA). The tests were performed in triplicate.

Coating thickness was measured by using a digital layer thickness gauge on a ferrous base

Digi-Derm Mitutoyo (Aurora, CO, USA). Ten measurements were collected on the coated steel.

The size distribution of the PET particles was performed by laser diffraction in the Mastersizer

3000 equipment (Worcestershire, UK). The obtained values were D(4,3), which represents the average

size distribution; Dv(10), which represents that only 10% of the particles were smaller than the

displayed value; Dv(50), showing that 50% of the particles were larger, and 50% smaller than the

determined value; and Dv(90), which reveals that 90% of the particles were below this value.

2.4. Corrosion Resistance Evaluation

Corrosion tests were performed using an Equilam salt spray chamber (Diadema, Brazil) in

compliance with the ASTM B117 standard [12] for 500 h. The solution used was 5.0 wt % NaCl with

pH between 6.5 and 7.2. A linear scratch was made on the coated steel with a tungsten carbide tool at

an angle of 60◦.

Electrochemical impedance spectroscopy was performed by using Metrohm AUTOLAB 302 N

potentiostat/FRA (Utrecht, The Netherlands) at room temperature. The measurements were performed

using a three-electrode electrochemical cell; a platinum foil was used as a counter electrode,

a Ag/AgCl(sat) reference electrode was used, and the coated samples were employed as working

electrodes. A polyvinylchloride (PVC) tube was affixed with silicone glue on the coated plate,

delimiting the exposure area to 6.25 cm2, where the 3.0 wt % NaCl solution was poured. The open

circuit potential was measured for one hour or until stabilization. The EIS measurements were collected

at the OCP after 1, 24, 192, 360, 480, and 576 h of immersion. The potential signal amplitude applied

was 10 mV (rms), and the frequency range analyzed was 105–10−2 Hz. The data collected were

analyzed by using the ZView2 software.

Evolution of the capacitance of the film was employed to measure the phenomena of water

absorption since the presence of moisture modifies the dielectric constant of the polymer [16,17].
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The ratio of the dielectric constant (ε) of the coating was calculated using Equation (2) [18]:

ε =

Cc

ε0 A
L (2)

ε0 is the dielectric constant of free space (8.854 × 10−12 F m−1), A is the coating area and L is the

coating thickness.

The fraction of water volume of coating at saturation (Ø∞) was calculated by using the Brasher

and Kingsbury (BK) formula:

Ø∞ =

log C∞/C0

log Ct
(3)

where C∞ is the coating capacitance at immersion time t (determined from EIS data); C0 is the initial

coating capacitance and Ct is the relative permittivity of the water. The parameters C∞ and Ø are

dependent on the immersion time [19].

3. Results and Discussion

3.1. Characterization Results

Figure 1 shows the PET powder produced from post-consumer bottles. The particles are

heterogeneous in shape and size. More elongated and other equiaxial particles can be identified.

Particle sizes have been calculated from measurement of particle areas using the IMAGEJ-win64

software. The PET powder presented a particle area between 430 and 51,200 µm2, and 90% of PET

particles showed the size of 635 µm.
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Figure 1 

 

Parameter Size (µm) 
D(4,3) 340 
Dv(10) 86.7 
Dv(50) 310 
Dv(90) 635 

 

Figure 7 

 

Re Qc

Rp 

Figure 1. PET powder granulometric distribution.

Figure 2 presents the cross-sectional section of the coated steel obtained by using SEM analysis.

The film is uniform and free of cracks and voids.

Figure 3 shows the FT-IR spectra of PET powder and coating, and Table 1 shows characteristic

absorptions of functional groups present in PET powder and PET coating. The PET absorption band at

1715 cm−1 is attributed to vibrations of the carbonyl group of saturated esters; the bands at 724 and

871 cm−1 are due to the interaction of polar ester groups and benzene rings, vibration =C–H out of the

plane. The 1097 cm−1 band is associated with the stretching vibration mode of C–O bonds and bands

at 1242 cm−1 are associated to the specific absorption of the terephthalate group (OOC–C6H4–COO).

Bands related to the asymmetric deformation in CH2, at 1407 and 1018 cm−1, were identified [20–22].

At 2960 cm−1, absorption associated to the symmetrical stretch of the C–H bond is observed, with

a higher intensity for the PET powder than PET coating. Compared to the coating, the PET powder

showed a broad band around 3600 cm−1 probably due to the water absorption. Notice that the FT-IR

spectra of the powder and of the coating are very similar. The coating deposition treatment does not

seem to affect the chemical structure of the polymer.
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−

 

Figure 2. Cross-sectional view of PET coating.

 

−

 

Figure 3. FTIR spectra of PET powder and PET coating.

Table 1. Characteristic absorptions of functional groups present in PET powder and PET coating.

Wavenumber (cm−1) Functional Groups

3200–3600 O–H
2850–3000 C–H aliphatic
1715–1740 stretch C=O unconjugated ketone, ester and carboxylic acid group
1600–1690 stretch C=O aromatic ketone and conjugated aldehydes

1407, 1018, 1465 CH2–
1270–1097 ester group vibration
1043–972 stretching of ether group C–O–C
871, 724 Vibration =C–H benzene ring off plan

Figure 4 shows DSC results for PET powder and PET coating (removed from the mild steel

substrate to carry out the analysis). Table 2 summarizes the thermal analysis results for PET powder

and coating. Analyzing the Tg values, the onset values for PET powder and PET coating are very

close being 73.8 and 72.8 ◦C, respectively, within the margin of error of the measurement that is 2 ◦C.

The glass transition temperature is the temperature at which the carbon–carbon bonds become more

flexible. The PET coating is rigid at room temperature, since it is below Tg.

The similar Tg values of powder and coating do not indicate significant damage in the

reorganization of the polymer chain of the coating during deposition. As far as thermally sprayed

PET on mild steels are concerned, Duarte et al. [9] reported that the Tg of coating was lower than

that of the powder, which indicated a thermal degradation of the PET during the thermal deposition,

decreasing its molar mass. In [9], the Tg value for the PET powder was 79 ◦C, about 5 ◦C above the

value obtained in this work. The glass transition temperature depends on the heating rate which is

the same in this work and in reference [8]. In the case of the thermal spray technique, the polymer is

subjected to high temperatures above 1000 ◦C, above the degradation temperature of the PET which
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is about 450 ◦C. Demirel [23] studied mound surface temperature in injection stretch blow molding

(ISBM) of polyethylene terephthalate (PET) bottles for carbonated soft drinks (CSD) storage. The cited

author reported the effect of mound surface temperature on Tg of PET bottles which varied between

58.3 and 59.4 ◦C.

 

−

 

Figure 4. DSC results of PET powder and PET coating on mild steel.

Table 2. Glass transition and melting temperatures, and crystallinity of PET powder and PET coatings.

Sample
Glass Transition

Temperature (Tg) (◦C)
Crystallization
Temperature

(Tc) (◦C)

∆Hc

(J g−1)

Melting
Temperature
(Tm) (◦C)

∆Hm

(J g−1)

χc

(%)

Decomposition
Temperature

(Td) (◦C)Onset Midpoint

PET
powder

73.8 78.6 195.0 35.6 233.0 35.7 25.5 454.7

PET
coating

72.8 80.0 209.0 46.8 235.0 44.4 31.7 455.0

The crystallization temperature of the coating showed an increase of 6.7% in relation to the

powder, as seen in Figure 4 and Table 1. This phenomenon may have occurred due to the PET melting

at 260 ◦C for application on the steel, and due to the slow cooling process, which provides time to

recrystallization of part of the material. The χc values also confirm the crystallinity increase, being

25.5% for the powder and 31.7% for the coating. Takeshita et al. [24] studied the influence of cooling

time on the physical properties of the polyester powder coating. They concluded that the cooling time

influences the crystallinity values of the polymer and that the ratio between the cooling time and the

degree of crystallinity is almost linear. In this sense, the increase in crystallinity of the PET coating was

due to the cooling process of the coating deposition. Demirel [23] showed values of crystallinity of

PET bottles similar to that found in this work, in the range from 21% up to 29%. Melting temperatures

for PET powder and coating were similar (233 and 235 ◦C, respectively). Literature reports values of

PET melting temperature in the range of 242–260 ◦C [22,25].

PET degradation occurred at temperatures of 454.7 and 455.0 ◦C for powder and coating,

respectively. As the PET reached 260 ◦C in the deposition process, degradation did not occur.

Duarte et al. [9] reported degradation temperatures of 444 ◦C for PET powder and 437–446 ◦C for

thermally sprayed PET coating.

Dry adhesion test was carried out by means of pull-off test. The detachment of the dolly occurred

at the interface between the glue and the coating, at about 5 MPa. Based on these findings, we can

assume that the adhesion strength is greater than 5 MPa. The value found for PET coating was

compared with literature values for polyester powder coatings. As a result, we can observe in Table 3

that the adhesion values for the polyester family is very close to the value found in this work.
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Table 3. Thickness and adhesion for polyester and polyethylene terephtahalate.

Samples Thickness (µm) Adhesion (MPa) Reference

Polyester 291–294 4.8–6.2 [24]
Carboxylate polyester resin (URALAC) 50.0 ± 5 1.7–3.0 [26]
Saturated carboxylated polyester resin 90.0 ± 10 4–6.8 [27]

Post-consumer polyethylene terephthalate 65 ± 5 >5 This work

3.2. Corrosion Resistance of PET Coated Steel

3.2.1. Results of Exposure of the Coating on Scratched Samples after 480 h in Salt Spray Chamber

Salt spray results are shown in Figure 5 for up to 480 h of exposure in chamber.

The salt spray tests showed a reduced extent of coating delamination resulting from the scratch.

No blisters where observed during the 480 h of immersion. As the test time increased, a marked

increase in the corrosion of the carbon steel in the scratch area was observed. However, the cathodic

front did not advance underneath the coating. No coating detachment was observed during exposure

time of up to 480 h.

 

   
(a) (b) (c) 

Ω −

Ω

Figure 5. Photographs of PET coated steel after exposure for (a) 72, (b) 240, and (c) 480 h in a salt

spray chamber.

3.2.2. Electrochemical Impedance Spectroscopy (EIS)

Figure 6 shows Bode diagram for PET coated steel in an aqueous solution of NaCl for immersion

up to 576 h. The phase angle curves are sometimes scattered, in particular between 10 and 100 Hz

and around 0.1 Hz, probably due to the relatively high impedance of the coating during immersion

time. According to the impedance modulus diagrams (Figure 6a) the impedance values in the low

frequency range (at about 0.01 Hz, |Z|0.01) was high and almost stable as it ranged from 1 × 1010 to

3 × 1010
Ω cm2 throughout immersion time. A straight line with the slope close to −1 was observed in

the Bode diagram, thus suggesting an almost capacitive behavior over a wide range of frequencies. A

single time relaxation process was observed in the middle frequency range.

After 360 h of immersion, a decrease in impedance in the low frequency domain was observed,

however, there is a trend for stabilization (Figure 7). The low frequency impedance was in the order

of 1 × 1010–3 × 1010
Ω cm2 during all immersion time, thus suggesting that the PET applied coating

provided steel corrosion protection. The PET coating seems to be able to retard the direct contact

between the corrosive medium and metal substrate. To better investigate the properties of the recycled

PET coating, EIS data were fitted employing the equivalent circuit shown in Figure 7. According
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to [28,29], a Re(QcRp) was employed to fit the experimental spectra. Re is the electrolyte resistance.

The constant phase element, Qc, and the resistance, Rp, where attributed to the dielectric properties

and the pore resistance of the PET coating, respectively.

 

  

(a) (b) 

Ω

Ω − −

Figure 6. (a) Bode diagram of impedance modulus versus frequency for the PET coated steel in a saline

environment for 1, 24, 192, 360, 480, and 576 h, with amplification of low frequency region; (b) Bode

diagram of phase angle versus frequency for the PET coated steel in a saline environment for 1, 24, 192,

360, 480, and 576 h.

1 
 

Figure 1 

 

Parameter Size (µm) 
D(4,3) 340 
Dv(10) 86.7 
Dv(50) 310 
Dv(90) 635 

 

Figure 7 

 

Re Qc

Rp 

Figure 7. Equivalent circuit for EIS data of PET coated steel in NaCl solution.

Considering the results reported in Table 4, as the values of the ‘n’ exponent is about 0.98

during the whole immersion time, the pre-factor of the CPE named Qc can be assumed as the coating

capacitance. For this reason, from now on, the pre-exponential factors of the CPE will be considered

throughout the paper as an acceptable approximation of the capacitance values during immersion time.

Figure 8 shows the evolution of the normalized coating capacitance (respect to the initial capacitance

value, Ct = x/Ct = 0) during the first 24 h of immersion. Initially, a sharp increase in the normalized

capacitance was observed, probably due to micropores formed in the coating which facilitated water

permeation. After the first hours of immersion, the capacitance reached a sort of saturation, remaining

stable at a value 1.12/1.14 times the initial capacitance. As far as the pore resistance is concerned, from

Table 4 it is possible to observe that it decreased from 1.82 × 1010 to 0.81 × 1010
Ω cm2 after 576 h

due to continuous immersion in the electrolyte, thus suggesting that the recycled PET coatings have

excellent barrier properties.

In fact, the pore resistance Rp values of the investigated coatings are comparable or, in particular

cases, highly compared to previously reported literature data (Table 5) related to polyester-based

paints (derived from pristine materials).
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Table 4. Electrochemical parameters for PET coated steel in a saline medium.

Time (h) Rp 1010 (Ω cm2) Error (%)
Pre-Factor of Qc 10−11

(S sn cm−2)
Error (%) n

1 1.82 5.2 5.30 1.11 0.98
24 1.78 3.77 5.25 1.35 0.98

192 2.10 2.10 5.14 0.72 0.98
360 1.09 1.69 5.25 0.83 0.98
480 0.86 1.62 5.30 0.89 0.98
576 0.81 1.62 5.34 0.90 0.98

 

0 4 8 12 16 20 24

1.00

1.04

1.08

1.12

1.16
C

(t=
x
) / 
C

(t=
0)

Time / h

Ω
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≈ → 
≈ → 

ε
ε

Ω

Figure 8. Capacitance versus immersion time of PET coated steel.

Table 5. Rp values for polyester from the literature in electrolytes of 3.0–3.5 wt % of NaCl.

Samples Thickness (µm) Time (h) Rp (Ω cm2) Reference

Polyester powder coating 90 ± 10 0–500 ≈108
→ 105 [27]

Polyester powder coating 30 ± 2 24–1368 ≈1010
→ 107 [28]

Polyester powder coating 45 ± 3 168–1200 ≈107
→ 104 [30]

Polyester/epoxy powder coating 45 ± 3 168–1200 ≈108
→ 105 [30]

Polyester resin 30–40 0–720 ≈107
→ 104 [31]

Relative permittivity of dry coating εd and fraction of water volume Ø were calculated by Equations

(2) and (3). The value of εd for PET coating was 5.0: this value is in accordance with relative permittivity

reported in the literature to dry coating 3–8 [29,32,33]. The coating to be considered protective and

water resistant must show the value of Ø between 2.0% and 15.98%, approximately [29,34]. The value of

fraction of water volume estimated for the PET coating was 3.2% after 24 h of immersion in 3.0 wt %

NaCl solution.

4. Conclusions

The DSC results indicated no significant damage to the polymer produced by the mechanical

deposition (press recycled).

The PET organic coating with a thin layer of 65 µm presented good adhesion to the substrate,

superior to 5 MPa, evaluated by using the pull-off test, as well as a high corrosion protection for

carbon steel during long immersion times in the NaCl 3.0 wt % electrolyte; both of which are important

characteristics for an anticorrosive organic coating. The polarization resistance of PET coated steel in a

saline solution was 8.1 × 109
Ω cm2 after 576 h of immersion. The value of fraction of water volume

absorbed was 3.2% indicating the excellent protective action of coating.

The PET organic coatings can be considered as an alternative, both for the PET recycling and for a

new anticorrosive coating.

Wear evaluation of PET coating will be performed in further investigation.
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