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Polyethylene terephthalate waste (PET) was depolymerized by triethanolamine into glycolyzed prod-
uct (GT), followed by esterification with bromacetic acid in the presence of manganese acetate as a
catalyst to give (GT-Br). The obtained ester was reacted with thiourea to give thiol derivative (GT-SH).
The effectiveness of the synthesized compound as corrosion inhibitor for APl XL65 carbon steel, in 2M
hydrochloric acid solution was investigated by various electrochemical techniques such as open circuit
potential, potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). The results
of these investigations showed enhancement in inhibition efficiencies with the increasing of inhibitor
concentration. The protective film formed on carbon steel surface was analyzed using an energy disper-
sive X-ray analysis (EDX) technique. Also, scanning electron microscope (SEM) was used to study the
surface morphology of steel surface in the absence and presence of 400 ppm of the additive.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Polyethylene terphethalate (PET) is a worldwide used polymer,
and packaging is one of its most important applications. Due to
its high resistance to the atmospheric and biological agents, this
polymer is not considered as biodegradable. PET is not a haz-
ardous product, but its waste quantity increases drastically and
so it is a good candidate for recycling. PET waste can be recy-
cled by different methods like physical recycling and chemical
recycling. Chemical recycling is the reaction of PET with various
reagents to obtain products that are used in the chemical industry
[1].

Corrosion problem is one of the major concerns in the oil and gas
industry. Therefore protection of metallic structures against cor-
rosion regarded as a critical subject. Acid solutions were widely
used in industrial acid cleaning, acid descaling, acid picking and
oil-well acidizing. In these acid solutions corrosion inhibitors are
required in order to restrain the acid erosion of metallic materi-
als [2]. The adsorption of organic molecules at the metal/solution
interface is of a great interest in surface science and can markedly
change the corrosion resistance of the metal [3]. Most of the well-
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known acid inhibitors are organic compounds containing nitrogen,
sulfur and/or oxygen atoms [4-23].

In this work, we tried to modify the glycolyzed PET into thiol
compound to be used as a corrosion inhibitor. Also, the work is
devoted to study the inhibition characteristics of the environmen-
tal friendly synthesized additive for corrosion of API XL65-type
carbon steel in 2 M HCl solution using both polarization and electro-
chemical impedance spectroscopy (EIS) techniques. The obtained
data were confirmed by energy dispersive X-ray analysis (EDX) and
scanning electron microscopy (SEM).

2. Experimental techniques
2.1. Synthesis and characterization of the inhibitor

PET bottle waste was depolymerized at weight ratio of PET to triethanolamine
(TEA) 1:1 (wt% of PET: wt% of TEA) using 0.5% of manganese acetate as catalyst (by
weight based on weight of PET). The reaction mixtures were heated under vigor-
ous stirring in nitrogen atmosphere at temperature about 443-463K for 4h and
at 473-483K for 3 h. The temperature of the reaction was then lowered to 373K
for 1h. The mixture was allowed to cool to room temperature. The glycolyzed
product of PET with TEA is designated as GT. Free TEA was removed by dissolv-
ing the glycolyzed product in acetone and then precipitated by diethyl ether. The
oligomers were filtered and the solvents were removed under reduced pressure.
The difference between the initial and final weights represents the amount of free
TEA. GT-bromoacetate (GT-Br) was prepared by esterification of 0.1 mol of GT and
0.4 mol of bromoacetic acid in the presence of 1% (by weight) of p-toluene sulfonic
acid (PTSA). The reaction mixture was heated up to 120°C to remove the theoreti-
cal condensed water using Dean-Stark separator. The product was precipitated in
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Scheme 1.

diethyl ether and the obtained precipitate was filtered off and washed with diethyl
ether. GT-Br was converted into thiol derivative (GT-SH) via the isothiouranium
salt by reaction with thiourea [24]. GT-Br (0.1 mol) and thiourea (0.4 mol) were
dissolved in deoxygenated ethanol (200 mL) and refluxed for 6 h. The reaction mix-
ture was concentrated and the residue was washed with hexane and recrystallized
from ethanol/hexane (yield 95%). This intermediate salt was dissolved in 150 mL
of ethanol, and then an aqueous solution (5 mL) of NaOH (70 mg) was added drop
wise. The mixture was refluxed for 2 h after neutralization with sulfuric acid and
the reaction mixture was concentrated. The residue was dissolved in diethyl ether
and dried over Na;SOg4. The solution was evaporated and the residue was dissolved
in hot ethanol and filtered to remove undissolved by-products (sulfide or disulfide
derivatives). Evaporation and crystallization from CHCl3/ethanol gave GT-SH. The
method of synthesis is summarized in Scheme 1. The chemical structure of the GT
oligomer and G-SH was confirmed from their IR spectra. The spectra of GT and GT-
SH were represented in Fig. 1(a) and (b), respectively. The presence of strong band
at 3450 cm~!, in spectrum of GT indicates the termination of the glycolyzed (GT)
product with hydroxyl groups and the band observed at 810 cm~" for GT is assigned
to —CH out-of-plane bending of p-substituted phenyl. This confirms the presence
of phenyl rings in depolymerized product (GT). The presence of strong bands at
1745 and 1150 cm~!, which were assigned for C=0 stretching and C-O stretching of
ester groups, indicates the incorporation of ester groups in GT product (Fig. 1a). The
appearance of new band at 2350 cm~', which represents SH stretching, in spectrum
of GT-SH (Fig. 1b) indicates the formation of thiol derivative.

A further confirmation for formation of thiol derivative from GT was determined
from 'H NMR analysis. In this respect the spectra of GT and GT-SH were repre-

sented in Fig. 2(a) and (b), respectively. The signals at chemical shifts 8, 4.8 and
4.3 ppm, represent p-substituted phenyl group, OOCCH,CH,COO and OCH,CH,;N
of GT respectively, were observed in all spectra. The signal observed at 2.6 ppm in
the spectra of GT, which represent OH group of glycolyzed GT, indicate the pres-
ence of terminal OH in GT derivative (Fig. 2a). The appearance of new signals at 2.5
and 4.3 ppm which represent CH,S and SH protons, in spectrum of GT-SH (Fig. 2b)
indicates the formation of thiol derivative.

2.2. Preparation of aggressive solution

The aggressive solution (2 M HCI) was prepared by appropriate dilution of ana-
lytical grade 37% HCl with double distilled water.

2.3. Surface preparation of carbon steel

API XL65-type carbon steel sheets (obtained from PETROJET Petroleum Com-
pany, Egypt) containing 0.16% C, 0.10% Si, 0.40% Mn, 0.02% S, 0.13% P, 0.004 Cr and
the remainder Fe were used in this study. A carbon steel disc of the same chemical
composition was mounted in Teflon with an exposed surface area of 1 cm? was used
inall electrochemical measurements. The prepared electrode was mechanically pol-
ished with different grades of silicon carbide papers, degreased in ethanol to obtain
a fresh oxide-free surface [25], washed with bi-distilled water and dried at room
temperature.
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Fig. 1. FTIR spectra of (a) GT and (b) GT-SH.

2.4. Open circuit potential measurements

The potential of carbon steel electrodes was measured against the saturated
calomel electrode (SCE) in 2 M HCl solution in the absence and presence of various
inhibitor concentrations until the open circuit potential is reached.

2.5. Potentiodynamic polarization measurement

Potentiodynamic polarization studies were carried out using Volta lab 40
(Tacussel-Radiometer PGZ301) potentiostat and controlled by Tacussel corrosion
analysis software model (Voltamaster 4) at a scan rate of 5mV s~! under static con-
dition. A platinum electrode and saturated calomel electrodes (SCE) were used as
auxiliary and reference electrodes, respectively. The working electrode was pre-
pared from a cylindrical carbon steel rod insulated with polytetrafluoethylene tape
(PTFE). The area exposed to the aggressive solution was 1 cm?. All the experiments
were carried out at constant temperature of 30 £1°C.

2.6. Electrochemical impedance measurement

AC impedance measurements were performed using Tacussel-Radiometer PGZ
301 Frequency Response Analyzer in a frequency range from 10° to 10~2 Hz with 10
points per decade. An AC sinusoid 10 mV was applied at the corrosion potential
(Ecorr)- The experiments were measured after 6 h of immersion. The impedance data
were analyzed and fitted using graphing and analyzing impedance software, version
Voltamaster 4.

2.7. Energy dispersive analysis of X-ray (EDX)

EDX system attached with a Joel 5400 scanning electron microscope was used for
elemental analysis or chemical characterization of the film formed on steel surface.
As a type of spectroscopy, it relies on the investigation of sample through interaction
between electromagnetic radiation and the matter. So that, a detector was used
to convert X-ray energy into voltage signals. This information is sent to a pulse
processor, which measures the signals and passed them into an analyzer for data
display and analysis.
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Fig. 2. NMR spectra of (a) GT and (b) GT-SH.

2.8. Scanning electron microscopy (SEM)

The surface examination was carried out using scanning electron microscope
(Jeol 5400, Japan); the energy of the acceleration beam employed was 30kV. All
micrographs were carried out at a magnification power of X=1500.

3. Results and discussion
3.1. Open circuit potential measurements

The potential of carbon steel electrodes immersed in 2 M HCl
solution was measured as a function of immersion time in the
absence and presence of 400 ppm of (GT-SH) as shown in Fig. 3.
It is clear that the potential of carbon steel electrode immersed in
2 M HCl solution (blank curve) tends towards more negative poten-
tial firstly, giving rise to short step. This behavior was reported by

-400
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-580 - - -
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Fig. 3. Potential-time curves for carbon steel immersed in 2 M HCI solution in the
absence and presence of 400 ppm of (GT-SH).
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Fig. 4. Potentiodynamic polarization curves for carbon steel immersed in 2M HCl
solution in the absence and presence of various concentrations of (GT-SH).

West [26], which represents the break down of the pre-immersion
air formed oxide film presents on the surface according to the fol-
lowing equation:

Fe,03 + 6HCl — 2F6C13 +3H,0 (1)

This is followed by the growth of a new oxide film inside the
solution, so that the potential was shifted again to more noble direc-
tion until steady state potential is established. Addition of inhibitor
molecules to the aggressive medium produces a negative shift in
the open circuit potential due to the retardation of the cathodic
reaction.

3.2. Potentiodynamic polarization measurements

The effect of inhibitor concentration on both anodic and
cathodic curves of carbon steel in 2M HCl solution was stud-
ied using potentiodynamic polarization technique. The obtained
results are shown in Fig. 4. Also, the electrochemical parameters
such as Icorr, Ecorr, Ba and B¢ and Rp associated with polarization
measurements for carbon steel at different concentrations of the
additive were simultaneously determined from the polarization
curves using Voltamaster 4 corrosion software and are listed in
Table 1. As reflected from the plots the additive exhibits a signifi-
cant effect on the current-potential relations. The following points
could also be withdrawn:

e The Tafel lines are shifted to more negative and more positive
potentials for the cathodic and anodic process, respectively rel-
ative to the blank curve. This means that the additive affects
both anodic dissolution of the metal and cathodic evolution of
hydrogen (i.e. mixed-type inhibitor).

e The slopes of the cathodic and anodic Tafel lines are approxi-
mately constant and independent on the inhibitor concentration.
This behavior suggests that the inhibitor molecules affect the cor-
rosion rate of carbon steel without changing the metal dissolution
mechanism [27].
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Fig. 5. Nyquist plots for carbon steel immersed in 2 M HCI solution in the absence
and presence of various concentrations of (GT-SH).
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Fig. 6. The equivalent circuit model for the electrochemical impedance measure-
ments.

e By increasing the concentration of the additive the corrosion cur-
rent densities (Icorr) Was decreased.

This behavior can be attributed to adsorption of the inhibitor
molecules on carbon steel surface forming a protective layer [28].
The formation of such protective film was examined by EDX and
SEM.

3.3. EIS measurements

Fig. 5 shows Nyquist plots recorded for carbon steel electrode
immersed in 2M hydrochloric acid solution at 30+1°C in the
absence and presence of various concentrations of the inhibitor
at the respective open circuit potentials. It is clear from the fig-
ure that imperfect semicircles were obtained. This behavior can
be attributed to frequency dispersion [29]. For analysis of the
impedance spectra containing one capacitive loop, a simple equiv-
alent circuit consisting of a parallel combination of a capacitor, Cyj,
and a resistor, Ry, in series with a resistor, Rs, representing the
solution resistance. The proposed equivalent circuit is shown in
Fig. 6. The electrode impedance, Z, in this case is represented by the

Table 1

Data obtained from potentiodynamic polarization measurements of carbon steel immersed in 2 M HCl solution in the absence and presence of various concentrations of

(GT-SH).
Concentration of the inhibitor (ppm) Ecorr, mV (vs. SCE) Icorr (LA CM™2) Bc (mVdec 1) Ba (mVdec 1) Ry (k2 cm?) Coeff. n (%)
2 M HClI (blank) —568 316 134 95 0.07 0.98 -
50 ppm —522 127 132 94 0.19 0.99 59.8
100 ppm —506 82 127 93 0.28 0.99 74.1
150 ppm —492 75 125 92 0.31 0.99 76.2
250 ppm —478 61 122 91 0.37 0.98 80.6
400 ppm —454 45 121 89 0.49 0.97 85.7
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Table 2

Data from electrochemical impedance spectroscopy measurements of carbon steel
in2 M HCl solution in the absence and presence of various concentrations of (GT-SH).
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Concentration of the R¢ (2cm?) Caq (WFem—2) [ n (%)
inhibitor (ppm)

2 M HCI (blank) 178 147 0.93 -
50 ppm 426 61 0.94 55.7
100 ppm 605 44 0.95 723
150 ppm 644 39 0.96 79.7
250 ppm 775 33 0.98 86.2
400 ppm 938 24 0.98 87.1

mathematical formulation [30]:

R} @)
1+ (27fR:Cqp)

where « denotes an empirical parameter (0 <o <1) and f is the
frequency in Hz. Eq. (2) takes into account the deviation from the
ideal RC-behavior in terms of a distribution of time constant due to
surface heterogeneity, roughness effects, adsorption of inhibitors
and variations in properties or compositions of surface layers. Var-
ious electrochemical parameters derived from Nyquist plots are
calculated and listed in Table 2.

The values of R; were given by subtracting the high frequency
impedance from the low frequency one as follows [31]:

Z:R5+|:

Rt = Z], (atlow frequency) — Z;. (athigh frequency) 3)

The values of electrochemical double layer capacitance Cy were
calculated at the frequency fmax, at which the imaginary component
of the impedance is maximal (—Zmnax) by the following equation
[32]:

1 1
" Do Re @

The values of percentage inhibition efficiency (7, %) were cal-
culated from the values of R; according to the following equation
[33]:

Re(inn,) — Re

, %=
7 R(inh.)

(5)
where Re and Ryin) are the values of the charge transfer resis-
tance in the absence and presence of the inhibitor, respectively. The
impedance data listed in Table 2 indicate that the values of both R;
and n, % are found to increase by increasing the inhibitor concen-
tration, while the values of Cy; are found to decrease. This behavior
can be attributed to a decrease in dielectric constant and/or an
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Fig. 7. Bode plots for carbon steel immersed in 2 M HCl solution in the absence and
presence of various concentrations of (GT-SH).

increase in the thickness of the electrical double layer, suggest-
ing that the inhibitor molecules act by adsorption mechanism at
carbon steel/acid interface [34]. Bode plots are shown in Fig. 7. The
plots indicate the presence of one time constant, corresponding to
one depressed semicircle that obtained in case of Nyquist plots.
For comparison, the variation of the values of percentage inhi-
bition efficiency (1, %) with the inhibitor concentration obtained
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Fig. 8. Variation of the percentage inhibition efficiency (», %) with the concentration
of (GT-SH).
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Fig. 9. Energy dispersive X-rays analysis (EDX) of carbon steel samples: (a) pol-
ished carbon steel surface. (b) After immersion in 2 M HCl solution for 12 h. (c) After
immersion in 2 M HCl solution for 12 h in the presence of 400 ppm of (GT-SH).
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from potentiodynamic polarization and EIS techniques are shown
in Fig. 8.

3.4. Energy dispersive X-ray analysis (EDX)

The protective film formed on carbon steel surface was analyzed
using EDX as shown in Fig. 9. The EDX spectrum of polished car-

Fig. 10. Micrographs of mild steel surface: (a) after polishing. (b) After immersion
in 2 M HCl solution without inhibitor. (c) After immersion in 2 M HCl solution in the
presence of 400 ppm of the inhibitor.

bon steel sample in Fig. 9(a) shows a good surface properties, while
the spectrum in case of carbon steel sample immersed in 2 M HCl
solution without inhibitor molecules (blank) was failed because it
is severely weakened by external corrosion as shown in Fig. 9(b). By
adding 400 ppm of (GT-SH), the decrease of iron band and appear-
ance of sulfur band was observed due to the formation of a strong
protective film of the inhibitor molecules on the surface of carbon
steel sample [35] as indicated in Fig. 9(c).

3.5. Scanning electron microscopy (SEM)

The SEM images of the polished carbon steel surface and those
immersed in 2M HCI in the absence and presence of 400 ppm of
the inhibitor for 12h are given in Fig. 10. An image of polished
carbon steel surface is shown in Fig. 10(a). The micrograph shows
a characteristic inclusion, which is fairly an oxide inclusion [36].
Fig. 10(b) shows an image of carbon steel surface afterimmersion in
2 M HClI solution. The micrograph reveals that the surface is highly
damaged in absence of the inhibitor. Fig. 10(c) shows the image of
another carbon steel surface immersed in 2 M HCl solution for the
same period in presence of 400 ppm of the inhibitor.

4. Conclusions

The main conclusions of the present study could be summarized
in the following points:

1. Thiol derivative of glycolyzed PET (GT-SH) was synthesized and
characterized by FTIR and NMR spectroscopy.

2. (GT-SH) has shown a strong inhibitive effect for the corrosion of
carbon steel in 2 M HCI solution during acid cleaning process.

3. Potentiodynamic polarization studies showed that the selected
compound suppresses both anodic and cathodic process and
thus acts as mixed-type inhibitor but the anodic effect is more
pronounced.

4. The results of EIS indicate that the values of Cy, tend to decrease
and both R; and 5, % tend to increase by increasing the inhibitor
concentration.

5. SEM and EDX observations of the electrode surface showed that
a film of inhibitor molecules is formed on the electrode surface.
This film retarded both the reduction of hydrogen ions (cathodic
reaction) and the anodic dissolution of carbon steel (anodic reac-
tion).

6. The high inhibition efficiency (n, %) can be attributed to strong
adsorption ability of (GT-SH) molecules on carbon steel surface.

7. Inhibition efficiencies obtained from polarization data are com-
parable with those obtained from electrochemical impedance
spectroscopy measurements and it was found that they are in
good agreement.
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